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(e) It is well known that, for a given journal, the coefficient 
of friction depends upon the " velocity of rubbing," i. e. upon 
the velocity with which the surface of the journal moves, as it 
turns, injthe bearing. 

The influence of velocity upon journal friction and upon 
train resistance has been made the subject of careful experi- 
mental study, by several obsei*vers, the earliest and most impor- 
ta.nt investigations in this country being those of Mr. A. M. 
Wellington, and of Prof. R. H. Thurston. Mr. Wellington's 
experiments, made in 1878, are reported in his interesting 
paper, read before the American Society of Civil Engineers, in 
1884. (An abstract of this paper is given in Mr. Wellington's 
work on "Railway Location," in Appendix B). Professor 
Thurston's investigations, which were begun at about the same 
date, extended over a period of several years. The principal 
results of Professor Thurston's experiments are to be found in 
his treatise on " Friction and Lost Work." The curves shown 
in Figs. 7 and 8 have been plotted from some of the tables of 
results contained in this work. Fig. 7 contams two sets of 
curves which correspond, respectively, to bearing pressures of 
100 and 200 lbs. per square inch. liach set contains seven 
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curves, conesponding, respectively, to different tempemtures, 
ranging between 90** F and 150° F. As these curves clearly 
indicate, the coefficient of friction, in any given case, is highest 
when the velocity is lowest, or, in fact, when the motion is so 
slight as to be barely perceptible, such as when starting very 
slowly. The friction found at this very low velocity has been 
variously called the '* friction of rest," the *' statical friction,'' 
the " initial friction," and the " starting friction." It is s^en, 
from Fig. 7, that a very slight increase in the velocity of rub- 
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Fig. 8. 

bing causes a gi-eat reduction in the coefficient of friction, 
esi>ecially when the bearing has a relatively high temperature. 
The coefficient of friction continues to diminisli with further 
increase in velocity, reaching a minimum value at a ceitain crit- 
ical velocity, which is relatively low, — somewhere between 100 
and 200 feet per minute, for the causes shown in Fig. 7. This 
critical velocity point depends upon the lubricant, the bearing 
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pressure, and the temperature. Beyond tlie critical point the 
coefficient of friction increases slowly with the velocity of rub- 
bing. The friction represented by this portion of the curve is 
sometimes termed the '* running friction.'' Fig. 8 shows some 
curves of *' running " friction plotted to a much larger scale. 

It is important to note that the ** stalling friction " and 
the " running friction," in any given case, are affected in opp(v 
site manner by a difference of tempeniture. Hie higher the 
temperature the higher the st^irting friction and the lower the 
running friction. It is for this reason that the curves cross 
each other at or near their critical velocity points, in Fig. 7. 
This peculiar effect of temperature is probably related to the 
viscosity of the lubricant and the thickness of the lubricating 
film. 

The analysis of these cui-ves is simplified, if we l)ear in mind 
the observation, already noted, that lubricated journal friction is 
really a composite quantity, made up paitly of sliding friction 
and partly of fluid friction. 

The friction l)etween the brake-slioes and the car wheels, 
when the brakes are applied, funiishes a ready example of pure 
sliding (unlubricat€d) friction. The celebrated ti-ain-braking 
experiments known as the Westinghouse-Galton tests, made in 
England, in 1878, furnished important mformation and valuable 
data regarding this kind of friction. (These experiments and 
the results and conclusions derived therefrom, fonn the basis of 
three important papers read by Captain Douglas Galton, l>efore 
the Institution of Mechanical Engineers, in June and October, 
1878, and April, 1879, on "The effect of Brakes upon Railway 
Trains." ) Mr. R. A. Parke, who is the highest authority on 
the subject of tmin-braking, has given a complete resume of tlie 
present state of our knowledge regarding braking friction, in a 
comprehensive article published in the Rjiilroad Gazette, in 
1901 (Vol. XXXIII) on "The Friction of Brake Shoes," and 
also in an exhaustive paper on "Railroad-car Bmking,'' read 
before the American Institute of Electrical Engineers, Dec. 19, 
1902. Mr. Parke has found, as the result of comprehensive 
study of various brake friction data, more especially the West- 
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inghouse-daltoii results, that tlie relation between the brakmg 
friction and train speed may be represented by curves of hyper- 
bolic type; and he has derived two empirical formulae, one 
giving a curve of maximmn values and the other giving a curve 
of mean values. These two curves and the corresponding fomi- 
ulae are reproduced in Fig. 9. The plotted pohits represent 
results actually obtained in the Westinghouse-Cialton tests. It 
is seen that the lower curve agrees very closely with the mean 
of the observed results. 

The other constituent of lubricated journal friction, namely 
fluid friction, is known to be an increasing function of the 
speed, which can be represented by a curve of parabolic type, 
passing through the origin of coordinates. The precise form 
of the curve will vary with the lubricant, the temperature, and 
other conditions. 

We can now understand why the friction-speed curves have 
the general form shown in Fig. 7. At very low speeds the 
frictional effect due to pure sliding friction (Fig. 9) is veiy 
high, while the frictional effect due to fluid friction is practi- 
cally negligible. At high speeds the sliding friction effect 
becomes relatively small, while the fluid friction effect becomes 
relatively large. The curve of journal friction, which is pre- 
sumed to represent the superposition of these two effects upon 
each other, must, therefore, of necessity, have a minimum point 
between the two extremes (Fig. 7). The less viscous the lubri- 
cant, the smaller will be the fluid friction effect, and, conse- 
quently, the higher should be the " critical speed," or the speed 
at which the journal friction is lowest. We find, in Fig. 7, that 
the minimum point is actually farthest to the right for the 
curves which correspond to the highest temperature, i. e., to the 
lowest viscosity. 

The train resistance curves shown in Fig. 4 indicate clearly 
the relatively high train resistance found when starting and 
when running at very low velocity. This peculiarity is amply 
established by the results found in lailroad practice, and also 
by numerous tests. . The following abstract from the first paper 
(Feb., 1879) of Mr. A. M. Wellingtxm before the American 
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Society of Civil Engineers, gives his conclusion regarding start- 
ing resistance, this conclusion being based upon elaborate 
"gravity," tests with freight cars, and careful experiments 
with specially constructed apparatus : — 

" (2). — The initial resistance at the instant of starting is 
seveml times greater than this {i. e. than the axle and rolling 
friction) and greater for loaded than for empty cars, being at 
least 18 pounds per ton for loaded cars, and 14 pounds per ton 
for empty cars, as an avemge, but fluctuatuig considerably. Its 
amoimt probably varies with the length of the stop, according 
to some unknown law." 

In Mr. Wellington's second paper (June, 1884), describing 
his "lathe" experiments (made in 1878), on friction at very 
low speeds, he gives, as conclusions based upon these experi- 
ments, values of (calculated) starting resistance which are 
higher still, ranging between 19 and 25 lbs. per ton. In his 
very complete observations, Mr. Wellmgton noted the interest- 
ing and important fact that the friction produced at veiy low 
journal speeds, i. e., at the instant when motion begins, is 
" more nearly constant than any other element of friction, under 
varying conditions of lubrication, load and temperature." He 
found that the coefficient of " initial fiiction " varies from 0.09 
to 0.12 for loads representing pressures on the bearings rnnging 
between 30 and 280 lbs. per square inch; and he states that 
" within those limits, the coefficient was not greatly modified by 
load or by temperature.'' He also observed that the friction 
coefficient decreases slowly and regularly as the velocity of rub- 
bing increases, and that the influence of temperature and of 
pressure then become more and more pronounced. Figure 10 
is a reproduction of one of the diagram sheets of Mr. Wellmg- 
ton's paper, given in Appendix B of his work on " Railway 
liocation."* In this diagram the two heavy Ime curves repre- 
sent Mr. Wellington's (calculated) train resistance values for a 
loaded car; the two tliin line curves indicate the correspondmg 
value for an empty car ; and the two dotted line curves (shorter 

♦The Cut is plat-ed at the disposal of tlie Harvard Engineering Journal, 
by courtesy of Messrs. John Wiley v<: Sons, Publishei-s. 
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than the rest) mdicate the con'esponding values for a truck 
alone. In each case the upper line of the pair shows the train 
resistance values for a car with supposedly "hot" journals 
(120° to 150° F) while the lower line represents the values for 
a car with supposedly ''cool" journals (under 100° F). 

These higher results were, according to Mr. Wellington, 



Velocity — Miles per Hour. 
Fif/. 10. 

apparently confinned by observations made '' with some care at 
various times," by him, to ascertain the minimum '* down '" gmde 
on which railroad cars, in ordinary service, can start themselves 
from rest. He found that the cars will ** generally (but not 
always) start of themselves on a grade of 1.1 to 1.2 per cent, 
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indicating an " initial " friction of 20 to 24 lbs. per ton." He 
also refers to the experiments of Prof. Thurston, made with 
bearing pressures mnging between 50 and 300 lbs. per sq. inch, 
and gives the (calculated) initial train resistance indicated by 
these experiments, as follows : — 

With sperm oil lubrication, 14 lbs. to 28 lbs. per ton. 
" lard " " 14 " " 22 " " " 

" mineral '* " 22 " " 28 " " " 

Mr. Wellington also refers to results obtained by Prof. Kimball 
indicating values ranging between 22 and 31 lbs. per ton. He 
found the general average of all the results, including liis own, 
to be 18 to 25 lbs., the general meim being 20.5 lbs. The cor- 
rectness of this general mean seemed to him to be sufficiently 
well established inasmuch as a 1 per cent grade (corresponding 
to a traction force of 20 lbs. per ton) is, he states, " the lowest 
grade, by universal railroad experience, upon which cars can be 
relied on to start off from a state of rest with little or no assist- 
ance." Later observers have, however, found results which are 
considerably lower. According to Mr. J. F. A. Aspinall, the 
starting resistance, for English Freight Cars, may be taken at 
17 lbs. per ton. According to Mr. A. C. Dennis (Fig. 4), the 
starting resistance is about 15 pounds per ton for (American) 
empty l>ox cars, and only ten pounds per ton for loaded box 
cars, or less instead of more than for empty cars. This result 
for loaded lx)x cars apparently contradicts tlie results of Mr. 
Wellington, and of Prof. Thurston (Fig. 6), and is also contrary 
to the result which might be expected from the considerations 
already given (rf) regarding the influence of bearing pressure on 
the coefficients of starting and i-unning friction. Additional 
tests and possibly further experimentation under definite, care- 
fully noted conditions, are needed to throw light upon these 
discrepancies. 

While it is clearly established, as the result of tests, that the 
train resistance rapidly falls to a minimum as the speed of the 
train increases, yet the exact speed at which this minimum 
occurs is still uncertain. According to Mr. Welluigton, the 
" critical " speed corresponding to a minimum train resistance is 
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over 6 m. p. h. and may be as high as 10 to 15 m. p. h. The 
dotted line curve, in Fig. 4, representing Mr. Wellington's train 
resistance values for " loaded " cars, shows a minimum point 
occurring between 5 and 10 m. p. h., and the other curves, rep- 
resenting the results obtained by Mr. Dennis, show a minimum 
point between 15 and 20 m. p. h. 

This discrepancy in the speed corresponding to minimmn 
friction in the two cases, is, in all probability, due to a differ- 
ence in some of the governing conditions. We are prepared to 
expect, from the considerations already given, that the critical 
speed will depend upon the bearing pressure, the lubricant and 
the temperature. It can readily be shown that it will also 
depend on the diameter of the journal and of the car wheels, 
since these dimensions determine the relation between the rub- 
bing velocity at the bearing and the train velocity, in m. p. h. 
In the case of a car equipped with wheels 33 inches in diameter, 
and having journals 3f inches in diameter, each mile of linear 
travel of the car on the track will correspond to a inibbing 
motion between the journal and the bearing amounting to 
exactly 600 feet. It follows, therefore, that a linear velocity of 
the train equivalent to 1 m. p. h., corresponds to and causes a 
rubbing velocity, at the hearing^ equal to 10 feet per minute 

,. 600 ft. .^ -, . , 

it. e. TV7! — r- = 10 ft. per mm.). 

60 mm. ^ ^ 

If we assume from the curves shown in Fig. 7 that the 
minimum friction occurs at rubbing velocities ranging between 
the limits of 100 and 200 feet per minute, we find, by a simple 
calculation, that the train speed corresponding to minimum 
journal friction would be between 10 and 20 m. p. h. for wheels^ 
and journals of the dimensions considered. (If we assume 
150 feet per min. as the ** critical rubbing velocity, the train 
speed corresponding to minimum journal friction would be IS 
m. p. h.). 

In Steam Railroad practice, while the diameter of car 
wheels is practically always 33 inches, the diameter of the 
journals increases with the maxhnum allowable load per axle. 
(Although 33 inches is the " standard " car wheel diameter for 
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lx)th freight and passenger cars, yet larger diameters, up to 36 
and even 39 inches are now being used, to some extent, for 
sleeping cars, parlor cars, private cars, etc., where more space is 
required under the car body, for various purposes.) 

In Street Railway and Electric Railway practice, there is now 
a marked tendency to adopt and follow tlie **M. C. B." stand- 
ards ; and the standard wheel diameter, which was 26 inches in 
the "horse-car" days, became 30 inches later, when electric 
traction was introduced, and it is now 33 inches, except for the 
smaller electric cars. Wheel diameters of 36 inches and even 
39 inches have been adopted in some cases, however, for high 
speed electric cars, requiring a greater power per ton, for rapid 
transit and suburban or interurban lines, this larger diameter 
being necessary in order to further increase the distance between 
the top of rails and the car floor, so as to make room for larger 
motors. 

The limiting (maximum allowable) weight, per axle, for each 
of the four " M. C. B." types were given in Table I. Accord- 
ing to the M. C. B. rules, an axle of the type A, having a 
journal diameter of 3.75 in., would be restricted to cars designed 
for a total maximum load not exceeding 15,000 lbs. per axle, 
or 7500 lbs. per journal bearing, w^hich, for double-truck cars, 
having four axles, is equivalent to a maximum allowable total 
<5ar weight of 60,000 lbs., includmg the load. The next larger 
size. Type B, having a journal diameter of 4.25 in., would serve 
for cars having a maximum load limit of 22,000 lbs. per axle 
<11000 11)8. per bearing), or 88,000 lbs., per car. The limits for 
types C and 1) as given in the table, correspond to maximum 
total car weights of 124,000 lbs. and 152,000 lbs. respectively. 

Now, it is evident that for a wheel of the same diameter (say 
SS in.) an axle journal of type B will have a greater rubbing 
velocity than one of type A, at the same linear train travel. 
Calculation shows that the rubbing motion at the bearing for a 
journal of 4.25 in. diameter (type B) will be mcreased from 
600 to 680 feet per mile of linear tmvel of the car. Hence, 
the rubbuig velocity will be 11.33 ft. per minute (instead of 10) 
when the train velocity is 1 m. p. h. and in the same proportion 
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at all other speeds. The following table gives the rubbing 
motion and rubbing velocity for all four types of '* M. C. B." 
journals, for 33 in. wheels : — 

Tabi.k II. 



TVI'E OF liKAKlNO (" .M. C. B."). 



Diameter of Journal (inches) 
Area of bearing, (square inches) . 
Mean Pressure on bearings with full 

load (lbs. per sq. in.) . . . . 
Rubbing Motion (feet) per mile of 

car travel, (on 33" wheels) . . 
Rubbing motion, (in percent of train 

motion) 

Ratio of rubbing to train velocity. 
Rubbing velocity, (ft. per minute), 

corresponding to each 1. ra. p. h. 

of train velocity 

Train Speed (m. p. h.). correspond- 
ing to rubbing velocity of 100 ft. 

per minute 

Do. for 200 ft. p. min .... 
Average ( = nibbing velocity of 

150 ft. p. min.) 



A 


K 


8.75 
25.6 


4.25 
29.6 


294. 


372. 


600. 


680. 


11.36% 

o.ii;^ 


12.88% 
0.1288 


10. 


11.33 


10. 
20. 


8.83 
17.66 


15. 


13.24 



5.0 

38 9 

398. 

800. 

15.15% 
0.15i5 



13 33 

7.50 
15. 

1125 



5.6 
48.5 

392. 

t 880. 

16.67% 
0.1667 



14.66 



6.83 
13.66 

10.24 



It is evident from these figures that a change in the journal 
diameter would, of itself, account for a considemble difference 
in the critical speed. A change in the wheel diameter would, 
obviously, cause a difference, also ; but in that case an increase 
in wheel diameter would have the same effect as a reduction in 
the journal diameter, since it would reduce the number of revo- 
lutions, and, consequently, the rubbing motion of the journal 
per mile of train trjivel. The rest of the difference in the crit- 
ical speed may be accounted for by variations in some of the 
elements of train resistance which still have to be discussed. 

It should be carefully noted that in calculating the portion 
of train resistance which corresponds to journal friction, it is 
necessary to take into consideration the fact that the surface 
(periphery-) of the journal does not travel as fast as the car. 
We must distinguish between the (" tangential ") effort which 
must be applied at the periphery of the journal and the ("trac- 
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tive ") effoi-t which must be applied to the car itself, in order 
to develop the power consumed by journal friction. In a mov- 
ing car, assuming that there is no slip between the track and 
the wheels, the wheel periphery at the points of contact with 
the rails, moves at the same velocity and in the same direction 
as the traek^ the motion being kinematically equivalent to that 
which would be obtained if tlie ear were stationary and the 
tracks were moving like an endless belt, at the given car velo- 
city, but in the contrary direction. Hence it is clear that so 
for as the motion of the wheels smd the power conveyed to the 
journal is concerned, a piUling effort applied to the car is the 
physical equivalent of a tangential effort or pull applied at the 
periphery of the car wheels. The corresponding tangential 
effort at the journal periphery, will obviously be one producing 
the same " torque'' If we bear in mind the fact that torque is 
equal to the product of tangential effort by radius, we see that 
the tangential effort required for a given torque must vary 
mversely as the radial distance to the point at which the tan- 
gential force is applied; and that this effort is consequently 
greater at the journal bearing than at the periphery of the car 
wheel. 

The tangential effort (T) at the journal bearing, is equal to 
the product of the pressure due to the weight (W) imposed on 
the bearing by the coefficient of friction (C), (i. e. T = C W). 
Denoting the radii of journal and car wheel by r and R, respec- 
tively, and the tangential effort at the wheel periphery by t, the 
torque will be Rt = rT = rCW, whence we have, 

rT r 

From the physical equivalence just noted, we see that the value 
of t will also represent the " tractive " effort, or the " force fac- 
tor," (see p. 185, vol. II), of the power expended in overcoming 
the friction of the bearings). 

It becomes evident, from these considerations, that, in order 
to obtain the value of the train resistance {^), due to the fric- 
tion of the journal bearings, we must multiply the tangential 
effort (T) required at tlie journal periphery, by the ratio of the 
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radii, (I'/R), or of the diameters, (d/D); of the journals and of 
the car-wheels. (The equations just given show this clearly.) 
This ratio which is, obviously, the same as the ratio of the 
" rubbing velocity to the " train " velocity, is given, in Table 
II, for all four '• M C B " tj^es of journals (for 33 inch 
wheels). It is now seen to be, in reality, the '* correcting 
factor " by which allowance is to be made for the difference in 
the velocities of the train and of the journal periphery. It 
may also be, and is, more conveniently, regarded as a factor 
modifying the coefficient of friction^ and giving its value in terms 
of a moving force applied, as it really is in this case, at the 
tvheel periphery instead of the journal periphery. Thus, assum- 
ing the coefficient of friction to be C = 0.008, and the journal 
to be of type A, with 33 inch wheels, — for which the " ratio 
of velocities," as given in Table II, is 0.1136, — the "modified" 
coefficient would be E = 0.008 x 0.1136 = 0.000909. This 
factor (E), multiplied by the weight on the journal bearings 
(in practice the whole car weight is usually taken), including 
the load, will give the tractive effort required to overcome the 
friction of the journal bearings. The tractive effort divided by 
the number of tons equals the train resistance per ton. Thus, 
for a double truck (4-axle) car, with journals of type A and 
weight limit of 60,000 lbs. (W = 30 tons), we would have, 
with the assumed value of C, a total tractive effort equal to 

t = C^x 30 X 2,000 = 0.008 x 0.1136 x 60,000 

= 0.000909 X 60,000 
= 54.54 lbs. 
and the corresponding train resistance, in lbs. per ton would be 

f = C^ W 2000 

f = C r 2000 (1) 

= 0.000909 X 2000 
= 1.818 lbs. per ton. 
The value of f in equation 1, is not wholly independent of 
the car weight W, even though the symbol W does not appear 
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ill that equation. It must l)e remembered that the coefficient 
of friction (C), ivS, as shown by Figs. 5 and 6, a function of the 
pressure on the bearings, which latter itself depends on the 
car weight. The maximum mean bearing pressures (equal to 
the total car weight, W, divided by the total area of all the 
bearings) to be expected for all four types of bearings, are 
given in Table II. Having determined, or else assumed, the 
bearing pressure, the friction co-efficient (C) corresponding to 
that pressure may l)e detennined, either by means of an empir- 
ical formula, such as used for the curves shown m Fig. 5, or 
else by means of cuitcs derived from actual tests, such as the 
curves shown in Fig. 6. The value of C assumed in the 
example given above was taken from Curve III, in Fig. 6, at 
the point corresponding to a pressure of 800 lbs. per square 
inch, which may be considered the limiting bearing pressure 
for journals of type A. The value obtahied for f (= 1.82) may 
be said, therefore, to represent that portion of the total train 
resistance which is due to journal friction in the case of a fidly 
loaded car having journals and bearings of type A, with 33 
inch wheels, at or about the " critical '' velocity. The preced- 
ing data and also the corresponding data for the other three 
" M C B " types of journals (for 33 uich wheels) are given in 
Table III. 

Tahlk in. 



Tyi'K of Bkauino ("M. ('. B.") 



(Maximum) mean pressure on bear- | , 

ings (lbs. persq. in.) .... ;^> | 375 400 

(Approximate) Coefficient of Fric- ' I 

tion (C), from Fi^^ tt. Curve III .008 , .007 .OOfJS 

i (from Table II) j ^^^j ^.^^^ j^jg 

Train resistance due to journal | 

friction (lbs. per ton) . . . j 1.82 , 1.80 1.07 



400 
.0065 
.1607 
2.17 



The figures in the last line indicate that the value of f is 
substantially the same (about 1.8 lbs.) for both ty^es A and B, 
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about 0.2 lb. more for type C, and about 0.4 lb. more for 
type D. 

It is interesting to note that Mr. Wellington's values for 
train resistance to be overcome when starting and when run- 
ning at very low speeds (Fig. 10) were computed by the form- 
ula given in Equation I. As he assumed the ratio ^ to be = 
0.1, the formula used by him took the following simple form: — 
f . = C ^ 2000 = 200 C. Hence for values of C comprised 

between 0.09 and 0.12, it follows that f, would have values rang- 
ing between 18 and 24 lbs. per ton. 

(2) The friction due to the end-play of the car axle, is obvi- 
ously, a form of journal friction. The end-play, itself, results, 
from any cause which makes either the car body or the trucks 
oscillate, rock or swing. The principal causes are inequalities^ 
or variations in the track '* level," in the track gauge and align- 
ment; also the unequal yielding of the track at the jouits; 
and centrifugal force, due to inertia, in going around curves. 

The friction produced by end-play is of two kinds : Fii*st, the 
friction due to a file-like or rasp-like action between any inequal- 
ities, on the surface of the journal and bearing, such as ridges,, 
grooves, scratches and flaws ; second, the " end-thrust " friction 
due to contact under more or less pressure between the ends of 
the journal bearings and the axle collars or the wheel hubs* 
The **rasp" friction is probably negligibly small, when the 
journals and beaiings are in good condition. With jouniala 
and bearings which are woni unevenly, in ridges and gi-ooves, 
or which have rough surfaces, this friction may become impor- 
tant. Under noimal conditions, this friction is probably more 
than offset, as an element of tmin resistance, by a decrease in 
the rotational friction which, it is well known, the end-play 
itself causes by improving the lubrication of the journal and 
bearing. The "end-thrust" friction has no such compensating 
features as the rasp friction. It apparently always opemtes so 
as to mcrease the train resistance. Our knowledge of its char- 
acteristics and it>i amount under different conditions is veiy 
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incomplete and imperfect. It is not unlikely that the train 
speed influences its amoimt to some extent, in any given case. 

//. Unlubricated sliding friction. We are familiar with this 
form of friction, as manifested in the slipping of a belt on a 
pulley, or the slipping of a brakeshoe on a car wheel. Another 
interesting example of it is the slipping of the wheels of a loco- 
motive on the ti*ack under certain conditions, such as when 
starting a heavy load on a slippery track. Some of the char- 
acteristics of this kind of friction have already been noted 
<see Fig. 9). 

(3) A certain amount of slip may occur at times, between the 
oar wheels and the track, owing to various causes, including : — 

(a) The lubrication of the rails by water, snow, ice, mud, 
■dirt, grease, grit, rust, or any foreign substance. 

(b) Excess of tractive effort applied to the driving wheels, 
such as in attempting to accelerate quickly, when startmg. 

(c) Insufficient adhesion of driving wheels. 

(d) Jumping or skippmg of driven wheels in consequence of 
low points of the track, oscillation of the car, etc. 

(e) Track curves, when the car wheels are not properly 
*' coned." 

(f) '* Skidding" of wheels on the track, when the brakeshoe 
pressure is excessive. 

(g) " Flat spots, " or like defects, on car wheels, due to 
skidding, or to unequal wear. 

In some of these cases of *' rail " friction, notably (a) and (d), 
the slipping tends, perhaps of itself, to reduce the train resistance 
slightly. Unfortunately, the loss of adhesion between the car 
wheels and the track, which accompanies this slipping, presents, 
in other respects, such serious disadvantages (c. d. f .) as to 
render slipping very objectionable in these cases. The maximum 
power which can be applied to a given car or train, when starting 
iind accelerating, and the maximum brakeshoe pressure allowable 
when stopping (or the accelerating force and the retarding force 
allowable), are both limited by the " adhesion " between the car 
wheels and the track. This means that quick starts and quick 
stops cannot be made unless the adhesion is sufficient to prevent 
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*' slipping " between the car wheels and the rails when starting, 
and to prevent " skidding " between them, when stopping. 
Hence, " rail " friction is a matter of as much importance as train 
resistance, in the study of train movement; and, without 
attempting a comprehensive discussion of it, here, a short 
digression will be made for the purpose of pointing out some 
of its important characteristics. 

The " coefficient of adhesion," which might properly be called 
the "coefficient of rail-friction," is, as you should know, a figure 
expressing the ratio between the force tending to cause the car 
wheels to slip on the rails, and the pressure exerted on the 
surfaces in contact. Thus a coefficient value of 0.20 means 
that it would take a force equal to at least 20 per cent of the 
total pressure exerted on the rail by the wheel to cause that 
wheel to slip or to skid. It is admitted, generally, that the 
values of this coefficient vary with the condition of the track, 
but the variation is erratic, — showing wide discrepancies under 
apparently the same conditions, — and it is impossible to attempt 
more than a merely rough approximate comparison. 

(The adhesion being obviously equal to the tangential effort 
required at the wheel periphery to cause it to slip, is measured 
by the product of the weight on the wheels and the coefficient 
of friction.) 

All authorities agree that the highest coefficient of adhesion 
is obtained with rails which are bright, clean, and dry, and that 
values successively lower are obtained with rails which are damp, 
or wet, greasy, sleety, or rusty. Table IV contains various 
values of the coefficient of rail-friction, which give an idea of 
its variation. The figures in the first column are computed 
from data given in " Molesworth's Pocket>-book " ; those in the 
second column are from the Galton-Westinghouse tests ; those 
in the third column are from tests made on the " P. L. M. " 
Railroad, in France; those in the fourth column are general, 
approximative figures, gathered from various sources, and used 
by many engineers for rough calculations. 
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Tahle IV. 



CONDITKIN OF RAIL8. 


Coefficient of Rail-B'riction 
accord! no to 




Molesworth 


(jalton 


P. L. M. 




Clean, very dry . . . 

" " " (average) 

" " " (with sand) 

Clean, dry 

Damp 

Wet 

Very wet 

Wet, with sand . . . 
Greasy 

" (with sand) . . 
Frosty or sleety . . . 
Rusty 

" (with sand) . . 


0.273 

.204 

.241 
.250 

.136 

.091 


.19 to .35 

.25 

.20 to .40 

.18 


.187 to .246 
.144 to .208 

.136 to .201 


.26 to .28 
.30 

.20 to .25 
.26 
.25 

.14 to .16 
.20 

.10 to .15 
? 

.10 to .15 



The figures given in this table are all subject to caution. 
This is particularly true in the case of damp, wet, greasy, sleety, 
and rusty mils, where a relatively slight change in the degree of 
dampness, etc., makes a material difference in the adhesion. 
Additional tests and data are greatly needed to determine and 
to fix the values of these coefficients more precisely. With 
regard to the effect of sand, it is not now believed that it 
increases the adhesion very much, if at all, on a track which is 
in very good condition, although it is unquestionably of utility 
on a track which is in bad condition, — damp, wet, greajsy, etc., 
— by increasing the adhesion to substantially that of a drj% 
clean rail. 

It is to be expected, from the form of the curves shown in 
Figs. 5 and 6, that the adhesion between the rail and the wheel 
tread will vary (inversely) with the " pressure density '' at the 
points of contact. This contact is, theoretically a line, and, 
practically, a mirfaee, — somewhat pear-shaped, — whose area 
depends on : — 

(a) The elasticity, and the consequent yielding (compres- 
sion), of the materials of the rails and of the wheel- tires. 

(b) The diameter of the car-wheels. 

(c) The form, — especially the mdth, — of the mil-head. 
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The effect of the first variable (a), is illustrated by the differ- 
ence in adhesion found with wheels whose treads are of steel 
and those whose treads are of chilled cast iron. The effect of 
the second variable (b), is apparent from geometrical considera- 
tions. The effect of the third variable (c), has been noted by 
Dr. P. H. Dudley, who finds that the coefficient of rail-friction 
increases with the width of the rail-head. 

It is conclusively established by many observations, notably 
by the tests made in France by M. Poiree, and by the (lalton- 
Westinghouse tests, made in England, that the coefficient of 
adhesion (or rail-friction) diminishes rapidly as the " rubbing 
velocity" increases. (The law of variation, for the Galton- 
Westinghouse tests is shown in Fig. 9.) 

(4) Wheel-flange friction is a grinding action occurring 
between the flange of a car-wheel and any object against which 
it is pressed, — usually the side of the rail-head. There is 
always more or less frictional contact between the wheel flanges 
and the rails, — first at one side, then at the other side, of the 
track. It is believed that the wheel-flange friction is greater 
with pivoted trucks than with rigid trucks, owing to their 
oscillation. It has been proposed to reduce this friction by 
pivoting the truck ahead of its center ; but the fact that such 
trucks would not work equally well in both directions is an 
insuperable objection in most cases. A side wind tends to force 
the train bodily to one side and to increase the flange friction 
on that side of the track. In going around curves each wheel 
is usually forced against one rail or the other so as to make the 
grinding action more or less constant against that rail. 

In the case of " tee " rails the grinding action is against the 
inside of the rail-head only. On a straight track, well built and 
in good condition, the wheel-flange friction, it is believed, tends 
to diminish as the train velocity increases. This may be because 
the wheels, when the train velocity increases, do not so often 
shift their position from one side of the track to the other, and 
the flanges have fewer contacts with the rail-head on either side 
of the tra<jk. 

In the case of " giooved " mils the grindmg action is a more 
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complicated and a more serious matter. It involves both sides 
and the peripherj- of each wheel-flange. In addition to the 
friction against the sides of the groove there is friction against 
the dust, dirt, etc., which is always to be found in the groove, 
sometimes even to an extent such that the car weight rests upon 
the flange as much as, or more than, upon the tread of the 
wheel. It is obvious that the flange, having a diameter greater 
than the wheel-tread, will have a higher peripheml speed than 
the tread, and, consequently, will have a slight "slip" with 
respect to the bottom and the sides of the groove. The dirt in 
the groove will therefore act somewhat like a bmke-shoe applied 
to the whe^l-flange. Wheel-flange friction is a very important 
element of train resistance in street railway work, because 
grooved rails are so generally used in the cities. 

Braking Friction, This kind of friction is also a fonn of 
imlubricated sliding friction ; and although it does not constitute 
a part of the train resistance while the train is running with 
the brakes " off," it becomes a supplement thereto, — an 
artificial train resistance, so to speak, — when the brakes are 
applied. It is of great interest and impoii^nce, not only on 
account of its relation to the stopping of trains safely and 
quickly, but also on account of the great energy losses which 
it causes. It represents the "force-factor" (p. 184, Vol. II) 
of a quantity of energy which is wasted and lost, purposely, 
so to speak; and, unfortunately, this quantity of energy is 
a very large percentage (50 per cent or more) of th^ whole 
energy applied to a car or train. 

The complete enalysis of the characteristics of bi*aking-fric- 
tion brings into consideration all of the laws and properties of 
unlubricated sliding friction which have already been refeiTed 
to, and many others, some of which, — for instance, the effect of 
the heat developed in the brake-shoes in modifying the coeffi- 
cient of friction, — are, as yet, known and understood only 
imperfectly. 

The three papers of Capt. 1). Dalton, and the articles and 
the paper of Mr. K. A. Parke, already mentioned, are the best 
sources of infonnation and data available on the subject at the 
present time. 
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The relation between the bmking friction and the tmck 
adhesion becomes a very impoitant matter, in all cases where 
it is desirable -to make quick stops. The well known fact that 
the maximum brake-shoe pressure allowable in braking is limited 
by the adhesion of the wheels upon the track was noted in the 
very first paper of Capt. Dalton. The following quotation 
from this paper is of interest in this connection : " In order 
to obtain the maximum retarding power on the train, the 
wheels ought never to skid ; but the pressure of the brake- 
blocks on the wheels ought just to stop short of the skidding 
point. In order that this may be the case, the pressure between 
the blocks and the wheels ought to be very great when the 
brakes are first applied, and ought gradually to diminish until 
the train comes to rest." 

If the brake-shoe pressure be allowed to exceed a certain 
limit, the wheels will begin to slip on the track and, in nearly 
all cases, they will almost immediately " skid," or slide upon 
the track without turning. The explanation of this phenomenon 
is quite simple when we consider the effect of the "rubbing 
velocity " on the coefficient of sliding friction, as exhibited 
in Fig. 9. (The curves of rail-friction are presumably of the 
same gener)al form as the curves of braking friction, and, for 
bright clean dry rails, the coefficient values are probably very 
near those indicated by the curves, being possibly a little 
lower; for other conditions of rails, the values are of course 
materially lower, as might be expected from the data in Table 
IV.) So long as the wheels do not slip, the rubbing velocity 
between the track and the wheel-treads is zero, and the rail- 
friction or *' adhesion " has its highest value. When the wheels 
slip on the rails, however, there is a rubbing velocity between 
the wheel-tread and the rails ; and, as the curves in Fig. 9 
clearly show, the coefficient of friction will diminish more and 
more as the rubbing velocity increases. For example, if the 
law of variation be approximately as shown by the lower curve 
in Fig. 9, the coefficient of rail-friction will have decreased to 
one half its initial value when the rubbing velocity due to slip- 
ping has increased to about 28 m. p. h. A train nmning at this 
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speed with its wheels ** locked " by the brakes and skidding on 
the mils, would have, therefore, only abovit half the ** adhesion '' 
which it had before the brake-shoes were applied and the wheels 
began to slip. 

At the time that the brakes are applied the rubbing velocity 
Ixjtween* the brake-shoes and the wheel-treads is as high as the 
train speed, and, consequently, the braking friction is relatively 
low, for any given pressure ; but as the train speed becomes 
reduced and the inibbing velocity at the brake shoes diminishes, 
the brakmg friction will increase, according to the law shown 
in Fig. 9. We can readily understand, now, the effect of an 
excessive pressure on the brake-shoes, such for mstance as will 
cause the wheels to slip even slightly. The slightest slip causes 
the rail friction to diminish and, at the same time, the brak- 
ing-friction to increase, the result being that the wheels are 
quickly brought to a stop and caused to skid, unless the brake- 
shoe pressure is diminished. It is obvious, from what precedes, 
that if ** skidding " is to be obviated (which is necessary in 
making quick stops) the braking friction (:= brakje-shoe pres- 
sure X coefficient of braking-friction) must never, at any time, 
exceed the adhesion (:= pressure on wheels x coefficient of 
rail friction.) This means that in order to stop a train quickly, 
the '* adliesion " of the track must either be naturally very 
good, or else means must be resorted to, such as by using sand, 
to increase the coefficient of rail-friction. On a greasy track 
the "adliesion," without sand (see Table IV) would probably 
not exceed 300 lbs. per txm (= 0.15 x 2000); and the braking 
friction ought to l)e somewhat less. On a gi'easy track, when 
sand is used, the adhesion would be at least 400 lbs. per ton 
(= 0.20 X 2000) ; and the braking-friction could be increased 
to nearly that amount. The following quotation from the 
A. I. E. E. paper of Mr. K. A. Parke is the most authoritative 
statement on this subject : 

*' If sand be suitably provided whenever the condition of the 
rail requires it, the coefficient of rail-friction always available 
(unless perhaps in the case of rail roads running in streets) 
is at least .20 and may doubtless be safely regarded, in at least 
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iiU cases where emergency calls for the highest efficiency, as .25 
of the pressure of the wheel upon the rail. A brake system 
of ideal efficiency in the time of necessity is thus one in which 
the brake-shoes are so applied to the wheels that a retarding 
rail-fiicticm equal to one fourth the weight of the train is 
instantly realized and continuously maintained throughout the 
stop." 

It is worth while noting that the braking-friction at any 
given wheel represents the " force factor " of the energy dis- 
sipated at that wheel by friction, the said energj' being equal to 
the distance-integral of that force-factor taken over the distance 
covered in making the stop. 

( To be continued.) 
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THE HARVARD TELEPHONE SYSTEM. 

E. A. STEVENS, JR., 1904. 

During the summer of 1902 the present telephone system 
was installed here at Harvard. This system embraces fifty- 
one telephone instruments located in nineteen University 
buildings connected by underground cable and aerial wires to a 
branch exchange situated in University Hall. This branch is 
connected with the Cambridge Exchange by seven trunk lines. 

The instriunents themselves are the ordmary Bell receiver 
and transmitter, hmig in most cases on a swinging arm fastened 
to the side of the subscriber's desk. For the rental of eiich of 
these telephone sets the subscriber pays the New England 
Telephone and Telegraph Co. twelve dollars per year, and 
in addition to this he has to pay five cents for each call outside 
the Harvard Exchange. 

To connect the subscribers' instruments to the exchange both 
overhead wires and undergromid cables are used. The over- 
head wires are used as little as possible, being strung in places 
where they would be out of sight, where there are but one or 
two pairs of conductors, or where underground constiniction 
would be an unreasonable expense. These wires are copper 
conductors covered with braided, water proof hisulation and 
twisted in pairs. If there are several over-head wires to be run 
together, as between the Law School and Lawrence Hall, there 
is first strung a messenger wire which is an ordinarj^ steel 
stranded wire and better able to stand strains than the copper 
wires. The bundle of conductors is then fastened at intervals 
of about two feet to this steel messenger wire. Under-gi*ound 
construction is used, with the exception of a short length 
between Boylston and Grays, throughout the yard. The cables 
consist of several pairs of rubber insulated, twisted copper 
conductors. No. 18 B. & S., surrounded by a lead sheatli. These 
cables are inm, wherever possible, in the steam tunnels and 
thi-ough the basements of the buildings, no attempt having l>een 
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made to protect them. Elsewhere the cable is laid in conduit 
consisting of a single line of iron pipe laid in the earth from 
one to three feet below the surface. This pipe is three inches, 
in diameter and is put down in sections about twelve feet long. 
At each joint is wedged an iron sleeve around which is packed 
cement to keep out moisture and help keep the pipe in line 
when the ground freezes and thaws. All of the cable and 
conduit work was done by the University and is not the 
property of the Telephone Company. In many cases, however^ 
the Telephone Company has been given the use of wires in 
these cables for connecting the pay stations which are scattered 
throughout the University buildings. The wires from these 
pay stations are not connected with the Harvard Exchange but 
go directly to the Cambridge Exchange. If a bi^ich occurs in 
tliis underground line the junction is made, wherever feasible^ 
in the basement of one of the buildings; here the larger cable 
divides, and two or more smaller cables go out in their respec- 
tive directions. In all of the cable work larger cables have 
been laid than are at present absolutely necessary, thus giving 
plenty of room for growth without extra expense. 

From the distributing frame at the exchange in University 
Hall three cables branch out ; one of thirty pairs goes (see map) 
through the steam tunnel to Weld, and one of thirty paii-s and 
another of fifteen pairs go in the opposite direction to Thayer,, 
also through a steam tunnel. In the Imsement of Weld the 
main cable branches, one arm of fifteen pairs going through the 
steam tunnel to the Library and another of fifteen pairs going 
through a steam tunnel to Grays where it ends in a cable 
terminal box. In such a box each wire is soldered to a separate 
lug and connected by fuses to other lugs to which can be 
fastened over-head wires or wires of another cable. From this^ 
terminal-box in Grays some dozen pairs of wires are run. Two 
go overhead to Boylston, several supply pay stations in Grays^ 
and the others run through the steam tunnel to the basement of 
Matthews, where they in turn divide, following steam tunnels^ 
to Dane and to Massachusetts respectively. The fifteen pair 
cable which goes from Weld to the Library ends at the latter 
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place in a teniiinal box, and there are connected to tliis the 
instruments used in the Library, the conduit line to President 
Eliot's, and the line througli conduit, the basement of Sever 
and the steam tunnel to Robinson Hall. 

The two cables which nm from Univei'sity to Thayer con- 
tinue on through the basement of Thayer, the steam tminel to 
Holworthy and the basement of Holworthy. One of these 
cables contains the seven trunk lines which connect tlie Harvard 
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and the Cambridge Exclianges, the wires which supply all the 
direct current used in the system and the wires f(U' most of the 
pay. stations in the yard. From the basement of Holworthy a 
tliirty pair cable is laid in conduit to a manhole, located in the 
street, at A (m the map, where it ctmnects with the cable 
rmming to the Cambridge Exchange. The other cable nins 
through conduit under the street to the Imsement of Lawrence 
Hall and here branches, one arm of thirty pairs continuhig on 
through conduit towards Pierce, and the other ann of ten pairs 
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ending in a terminal box. From this terminal box go out an 
overhead line of five pairs to the (xymnasium and the Law 
School, one line to Jefferson Physical Laboratory, and one 
through the trees on the north side of the delta to Memorial. 
Between Pierce and Jefferson, at B on the map, is a shallow 
manhole some two feet square. Here the thirty pair cable from 
Lawrence Hall branches into two fifteen pair cables, one of 
which goes to Pierce Hall, and the other to a terminal l)ox on a 
pole near the University Museum. From this pole over-head 
wires go to the University and Peabody Museums, Divinity 
Libraiy and Randall Hall. From Pierce Hall an over-head line 
extends to the Mining Buildmg and on to the Astronomical 
Laboratory. 

The switchboard, as seen in the illustration, is a two position 
board with an ultimate capacity of two hundred and twenty 
subscribers' lines and twenty trunk Imes. The present equip- 
ment of the board is sixty subscribers' lines and ten trunk 
lines ; and of these only forty-nine subscribers' lines and seven 
trunk lines are in use at the present time. At the upper part 
of the board, behind a glass door are the subscribers' drops, 
a shutter on which rises as soon as a subscriber removes his 
receiver from the hook, thus notifying the operator that some- 
one is calling. Just below these drops are the trunk line 
drops which fall when the operator at the Cambridge exchange 
rings through them. Below these trunk line drops are seven 
strips of jacks, ten jacks to a strip. Each of these jacks is 
a socket containing the two terminals of a line and in some 
cases has, in addition to one contact for each side of the line, 
switching apparatus and another contact for working signals. 
Switchboard cables from these jacks run to the distributing 
f mme back of the switchboard and are cross-connected to the 
underground cables. As each of these jacks represents the 
tenninals of a line, in order to connect two lines it is neces- 
sary only to have a flexible connection of some sort at the ends 
of which are plugs which can be inserted in the respective 
jacks. On the board there are at present ten pairs of these 
plugs, and any pair can l)e used to make a desired connection. 
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On each plug are three contacts termed the tip, the ring and 
the sleeve. The tip and the ring are the talking contacts, and 
the sleeve a signalling contact. Each pair of these plugs is 
connected to a key and combination of contacts in such a man- 
ner that when the handle of the key, seen on the face of the 
board in the illustration, is thrown from the operator the opera- 
tor's telephone set is in connection with both of the plugs of 
the pair or \vith both subscribers if the plugs are inserted m 
subscribers' jacks. When this handle i§ thrown towards the 
operator, ringing current can be sent from a hand magneto to 
the front or calling plug of the pair, and any subscriber can 
be called if the plug is inserted in the proper jack. When 
this handle is in its normal or upright position the operatoi's 
telephone set is cut out, the plugs are connected and a means 
provided for supplying battery to each of the plugs. This bat- 
tery is supplied only when connection is made between two 
subscribers' lines. When connection is made with a trunk line 
battery is supplied over that line at the Cambridge exchange. 
All the power, except the ringing current, used at the Harvard 
Exchange is supplied from the regular storage battery at the 
Cambridge Exchange and comes in the same cable with the 
trunk lines, two wires of a twisted pair being used in multiple 
for each side of the line to obtain greater conductivity. One 
side of the batteiy is grounded, and the two sides of the line 
are called ** batterj^ " and '* ground " respectively. Although 
in the " diagram of circuits " several batteries are represented, 
this is only for clearness ; actually only one battery of twenty- 
four volts is used for all purposes including signalling and 
talking. 

When a subscriber removes his receiver from the hook, the 
comparatively low resistance of the receiver and transmitter 
is substituted for the high resistance winding of the bell electro- 
magnet, and consequently enough current is allowed to pass 
through the circuit from the battery, A (see diagram of circuits) 
to enei-gize the electromagnet of the subscriber's drop, B, and 
cause it to attract its annature and thus raise the shutter. 
On this shutter is a number which con'esponds with the number 
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on the jack, C. As soon as the operator sees that this shutter 
Is up, she inserts in the jack any one of the back row of plugs, 
as Q, which is not in use. This operation opens the circuit of 
the drop, B — thus allowing the shutter to fall — and supplies 
the line with current from the battery through the contacts 
of the relay, E, and the retardation coil, F. This retardation 
coil consists of two coils of wire wound on a closed magnetic 




DIAGRAM OF C'IRCUIT.S — HARVARD TELEPHONE SWITCHBOARD. 

circuit and prevents cross-talk between two lines using the 
same battery. By reason of its highly inductive qualities it 
shuts out the high frequency talking currents, but allows the 
whole system to be fed with direct current from the same bat- 
tery. The signal, G, being in circuit is operated and stays 
at " busy " mitil the subscriber's receiver is hmig up. Having 
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*' plugged in," the operator presses backward the key im- 
mediately in front of the plug used and thus makes the contacts- 
at J and connects her receiver, R, and transmitter, T, with the 
line. As soon as she ascertains the person wanted, she inserts, 
the itont plug, P, of the pair selected in the jack of the sub- 
scriber to be called, throws forwai'd the key — making the 
contacts at K — and turns the handle of the magneto which 
rings the subscriber's bell. Tlirowing the key forward not only 
makes the contacts at K but also cuts from the circuit the plug„ 
Q, and allows ringing cuiTent to be sent only on the front 
plug, P. This is not shown in the wiring diagram. As soon 
as the subscriber answei-s, current flows through the signal, H, 
and thus shows the operator that her part in making the call 
is at an end. Should either person now wish to call the 
operator, he must work his receiver hook up and down. This, 
will cause the busy signal connected with his line to rise and 
fall, and the operator will press the listening key backward and 
commimicate with the subscriber. A call for a Cambridge or 
out of town niunber is treated similarly, with the exception 
that the operator plugs into a trunk line jack, S. This lights. 
a small electric lamp at the Cambridge Exchange and thus, 
notifies the Cambridge operator that some one is calling ; it also 
brings into play the third contact of the jack and the sleeve 
of the plug by allowing current to flow from battery through 
the winding of the relay, E, the sleeve of the plug, P, and on 
to ground through the third contact of the jack. This current 
energizes the relay, E, thus cutting off battery from the line 
and grounding the two sides of the line through tlie retardation 
coils, F and L. Talking current is then supplied at the 
Cambridge exchange. In order that the Cambridge operator 
may call up at any time the Harvard operator, whether or not 
a plug is left in a jack, the drop, M, is not cut out by the 
insertion of a plug. If the drop alone were thus left shunted 
across the line much direct current would leak through it and 
would not go on to supply the station beyond. To prevent 
this a condenser, N, is put in series with the drop, thus present- 
ing a free path to the ringing or alternatuig cuiTent, but entirely 
shutting off the direct current. 
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The operators telephone set is connected to each of the ten 
listening keys by a pair of wires which runs to each of them in 
common. Only one of these keys should be thrown at a time ; 
if two are thrown the two lines will each be connected to a 
single pair of wires and will therefore be crossed. This is 
sometimes taken advantage of if several subscribers desire to be 
■connected at the same time. For instance : suppose four different 
subscribers, A, B, C, and D, desire to hold a consultation ; A 
and B are connected in the usual manner, also C and D, then 
the four are connected by throwing forward the two listening 
keys which connects each line to a common pair of wires. 
Convei'sation can then be carried on between all four. This, 
however, should not be done, as all " traffic " is tied up imless 
the operator interrupts the conversation or cuts off one of the 
subscribers. 

There is an operator at the Harvard Exchange only from 8 
A. M. to 5.15 P. M., therefore some means must be provided by 
which a subscriber can be connected with the Cambridge 
Exchange at other hours. At one side of the switch board are 
seven or eight pairs of metal strips. To each pair of strips are 
connected through long flexible cords, four plugs, each having 
two contacts — the tip and the ring — one connected to each 
strip. One of these plugs can be inserted in a trunk line 
jack and each of the other three in subscribers' jacks, thus 
making a three party line and puttmg each subscriber in direct 
connection with the Cambridge Exchange. Since there are but 
seven trunk lines, it is obvious that only twenty one subscribers 
can be connected in this manner over night on the present three- 
party-line basis. 

During the month of January, there were handled in this 
office an average of two hundred and one calls every day the 
office was open. Of these about twenty-five per cent were 
purely local ; thirty-three per cent in-coming calls — calls from 
other exchanges to the Harvard Exchange — and the remainder, 
or forty-two per cent, outgoing calls. 

The two chief reasons for installing this branch exchange were 
to obtain cheaper and more efficient service for the University ; 
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cheaper because of the large number of purely local calls handled 
without additional expense ; more efficient because of the com- 
paratively few calls to be handled by one operator. Both of 
these results have been obtained, and the serv^ice is as satisfac- 
tory as that of any manually operated exchange can be. 
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HITCHIN, HERTFORDSHIRE. 

BY W. S. PARKER, '99. 

Have you ever been to Hitchin ? It is a question 1 have put 
to every lover of England with whom I have traded in foreign 
experiences and with only one exception, the sad answer ** Xo " 
has been returned. And the negative has generally been 
accompanied by " Where is it ? " They not only have never 
walked its charming streets but have never even heard of it. 
It is thus that one is forced to realize again that the world is 
wide and that fate does not lead everyone to the same (iarden 
of Eden. 

How fortunate this is ! What a joy it gives us when chance 
leads us down a quiet lane where no other explorer treads, at 
least for the present, to joggle us with his inquisitive elbow and 
jar us with inane questions ; where we can rest peac*eful in 
the enjoyment of this new experience, which, like a play, with 
endless scenery and perfect actoi*s, is being perfonned for our 
own special benefit. What a joy it is, I say, ui comparison 
with that wild scramble for impressions in some gieat Rome 
where all the roads of chance seem to converge, under the 
special supervision of the all powerful Cook. It was m that 
way I twice visited Hitchin, doubly blessed with the guidance 
of a favored dweller in my new (Jarden of Eden, who with a 
more practiced eye and wider knowledge could aid me to a 
fuller appreciation of its many delights. 

It is of modem Hitchin that I wish to write, but a few words 
of its past will be of interest. It seems to have taken its name 
from the near by wood called " Hitch'' which once was much 
larger, extendhig probably to the town. The Saxcms called it 
** Hicce," and Edward the Confessor in denoting it to Earl 
Harold called it '' Hit<he.'' Some, however, assert that the 
name is derived from the little River Hiz which flows near by. 

In 1881, evidences of Roman civilization were discovered not 
far from Hitcliiu in the Parish of (ireat Wvmondley, when 
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several Roman urns containing ashes were dug up; and in 
1884, various coins and the tessellated pavement of a Roman 
villa were discovered at *' Nine Springs." 

Hitchin was in the possession of the Crown till Edward the 
C'onfessor gi'anted it to Earl Harold, on whose death, at the 
Battle of Hastings, it reverted to the C'rown and William the 
Conqueror. The manor of Hitchin was a favorite gift of the 
English kings and was many times granted and as often 
regained by the Crown. Henry VHI granted it for life suc- 
cessively to his queens Katharine of Aragon, Ann Boleyn and 
Jane Seymour, and, as history notes, in rather rapid succession. 
They were not allowed to enjoy the privileges of its possession 
for long. 

Hitchin was, in 1525, according to Stowe in his chronicles, 
the scene of a narrow escape of the mvich-married Henry who, 
while following his hawk, was leaping a ditch with a pole, 
when the pole broke. If a footman had not leaped into the 
water and pulled him out, he doubtless would have been 
drowned, his head having stuck fast in the clay. Thus Hitchin 
was deprived of the honor of making history and Henry was 
permitted to live to mar it with his later atrocities. 

About that time, Hitchin was noted for its malt and wool 
tmde. It would seem also to have had many vineyards, for 
Queen Elizabeth is said to have told a Spanish nobleman that 
she considered the grapes of Hitchin superior to those of his or 
any other country. To-day it is perhaps more popularly known 
for its product of lavender than for anything else. There are 
in England about two hundred acres of lavender fields, found 
chiefly at Hitchin and near Mitcliam in Surrey. It has been 
cultivated at Hitchm since the early part of the last century. 

In 1807, the mail coaches from London to Leeds passed 
through Hitchui for the first time, and it was not until a com- 
paratively short time ago that they were displaced by the tmin 
service of the (ireat Xortheni. The coach from Hitchin to 
London had been driven by memlK^i-s of one family for three 
genemtions. It is r.o wonder that when passing under one of 
the newly constructed railroad bridges on his last trip to town. 



Digitized by 



Google 



36 



HARVARD KNGINEERIXG .rOURNAL 



tlie driver pointed up to the arcli and said, with teai-s in his 
eyes, that it was the robber of his birthriglit. 

Hitchin is to-day a thrivmg town of some twelve thousand 
inhabitants, a quarter of which shows the hicrease of the last ten 
or twelve yeai-s. It is but little more than a half hour out of 
London by train, and on the way you may get a fleeting glimpse 
of Hattield, some twelve miles from Hitehin. The Bedford 
turnpike will lead you hi a nearly straight line to Bedford, 
fifteen miles to the northwest, and Cambridge lies about twenty 
miles to the northeast. The town is in Hertfordshire but close 
to the Bedfordshire border and is the centre of a district of 
delightful rolling country, ideal for bicycle riding and filled, as 
is all England in fact, with scores of fascinating villages, and 
their offerings of parish churches, of whicli even the smallest 
will show you some mark of almost every step ui the progress 
of (fOthic building. 

If you approach the town of Hitchhi from the railroad station, 
you will leave behind you quickly the factories and more modern 
features which group themselves near the station and followuig 
a broad tree-arched road, find yourself shortly in Bancroft Street, 
tlie main thorouglifare of the town, and a most delightful one. 
About a quarter of a mile long and very wide, with many fine, 
l)rick h(mse«, dignified in tlieir simple treatment, with white 
porches sparkling against the brick and ivy, this street gives an 
impression of prosperitj', dignity, friendliness, and answers with 
entire satisfaction that test of *' livableness " which I apply 
instinctively in almost every case, a test which so few towns in 
Latin countries can sUmd and so few English towns cannot, 
from my point of view. These prototypes of our own early 
mansions make my lieart jump as at tlie sudden sight of some 
old friend and I am at once filled with a desire to sign a long 
lease for tliat room just over the white Ionic porch. Then I 
put my liand in my [)ocket and feel a sixpence and a ha'penny 
and begin to thhik ; and with tlie conung of thought, all my 
golden dreams take wing and I realize I am, after all, merely a 
Baedeker tourist, and with a last look at the window over the 
l)orch and the shaded sidewalk and the little gable opposite, I 
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turn away towards High Street which will lead me by a narrower 
way from one end of Bancroft to tlie Market Place. 

The end of High Street takes up half the width of Bancroft, 
the other half, now occupied by a modem store, being the site 
of the old Trooper Inn, whose overhanging gable once looked 
down the length of Bancroft Street. A narrow opening appears 
to the left of where the old Inn once stood, and High Street 
and the Market Phice must wait while we explore this brick- 
paved winding lane which leads first between houses, then with 
garden walls and liouses only on the right, becomes the boundary 
of the churcli-yard, giving us a first view of the Parish churcli 
of St. Mary, the low west tower of which, with its little lead 
covered spire, is close to our left. At the corner of the cliurch- 
yard, wliere the lane tunis do^vn to the left, we enter a gate 
and get a first idea of the size of the church which stretclies 
eastward its full width, the aisles extending along the sides of 
the chancel as well as the nave. 

The plan which is here reproduced, made by Mr. (xeoffrey 
Lucas, who kindly allowed me to use it, shovvs veiy clearly by 
the different lia tellings, the growth of the structure as it stands 
to-day, containing wcu'k of each century from the 12th to the 
ir)tli inclusive. 'I'lie church suffered much damage by hurri- 
canes and ear4:h(iuakes and by a great storm in 1362 after which 
the nave seems to have been entirely rebuilt, the tower alone 
standing intact. Perhaps this was not quite secure for large 
buttresses were added tt) it at that time. The only 12th century 
work remaining seems to be small pieces of wall at each end of 
the nave arcades. In the loth century, the chancel and its two 
chapels were built, buttresses were added to the walls of the 
nave aisles and new windows inserted between them in the 14th 
century walls. The north and south porches were also built at 
this time. 

The south porch, by which one usually enters the church, is a 
fine open porch entered by a wide arched opening without doors 
and with unglazed stone tracery in the side openings, below 
which are stone seats. It is vaulted in two l)ays with lieme 
vaulting. A spiral staircase opening from the south aisle leads 
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to a Parvise chamber over the porch. The north porch has also 
an upper chamber but it is much smaller, closed with doors and 
whidows and is more simply treated than the south porch. 

The outside of the church was at one time plastered but it is 
planned, I believe, to strip this off and let the good honest stone 
work face the world once more. This and other work of a like 
nature are fortunately in the hands of an architect who combines 
with a full knowledge of the work to be done a close attachment 



CHIRri! OF ST. MARY, HITrillN. 

for the church, and who will be sure to move with great care and 
tenderness in tlmt work of restoration which is often so reck- 
lessly indulged in. 

The fine old font, with its twelve much damaged apostles in 
cano[)ied niches, is nearly opposite us as we enter from the south 
porch. It has now an imposing cover of recent construction. I 
believe the original cover with its simple scrolls is still in 
existence. 

As is so often the case, the axis of the church is slightly bent 
where the chancel and nave are joined. The church is rich in 
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wooden screens, there being four interesting old ones in the 
chancel and two much larger ones separating the nave aisles, 
from the chancel aisles or chapels dedicated to the Blessed 
Virgin Mary and the Holy Trinity. The very fine one in the 
south aisle is called the angel screen from its crowning feature 
which ccmtains a row of angels witli overlapping wings. The 
rood-screen has unfoitunately long since disappeared. The out- 
luie of the doorway which once opened hito the rood-loft can 
be seen close to the chancel arch and slightly above the level of 
the capitids of the nave piers. The little stairway leading up to 
it was entered from the north aisle and can easily be foimd 
though long since blocked up. A somewhat unusual feature 
is the low traceried window over the chancel arch. 

Sir Gilbert Scott, Jind later Sir Arthur Blomfield, carried 
on considerable work in the church, freeing it of three galleries 
and renewing the east window and several of the roofs. 

As will be seen on the plan, the 14th Century chancel was 
shorter by one bay than at present, having a cross aisle behind 
the Reredos, from the north end of which led a small stairway 
down to the Crypt or Chaniel House. 

There are a number of interesting effigies on the window 
sills of the north aisle Jind several 8lal)s in the north chancel 
aisle where there is also a bit of string course bearing traces 
of color decoration. 

In the tower are eight bells hung in 1762. On the first 
and second was inscribed the foUowhig amusing couplet, — 

*• At proper times my voice I'll raise 
And sound to my subscriber's praise." 

In 1901, the first was recast witli a new and rather more 
devout inscription as follows, — 

** With larjcer l)ell8 my voice 1 raise 
To sound the j^a-eat Creator's praise.*' 

The eighth which seems to have l)een recant in 1784 says by 
its insciiption, — 

*' I to church the living call 
And to the grave do summon all.** 
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On a Uiblet, fixed until recently in the ringer's loft, it is 
noted that "on Wecbiesday, February 20, 1782, vvtis rung 
a eompleat Peal of 5040 plain bob Triples in 8 houi-s and 
28 minutes, by the ringers of this town," and then follow the 
names of the eight noble ringei-s. 

The photograph of the exterior, which is reproduced, was 
taken years ago before some restoratitm was effected by Sir 
A. Blomfield. The clerestory windows of the chancel seen in 
the picture were remodelled by him and the small pinnacle 
between the middle two was removed. 

Through an opening opposite the church-yard gate we come 
quickly to the wide Market Place, which is now clear but 
which on market days is filled with tent-covered booths, paited 
in two by a wide path rmining diagonaUy across the square 
from High Street to Sun Street. In the middle of the opposite 
side, is the little Renaissance building of the Com Exchange, 
which, witli its Palhulian window and huge cupola, seems to 
look patronizingly at its less pretentious neighbors as if its head 
were slightly swelled by its possession of *' a motive." 

Sun Street and Bucklersbury lead away to the left from the 
Market Place towards Bridge Street which has many interesting 
gables and bits of brick-work. The town is full of these and 
I long for another chance to get better acquainted with them, 
for I spent so much time wheeling through the neighl)oring 
villages that many comers of Hitchin itself were hardly 
more than glanced at. 

That first aftemoon after a brief visit to the church and the 
Market Place, after a friendly handclasp, as it were, with the 
town, we rode to little Ickleford, which lies on the riglit of the 
Bedford Road, about two miles to the north of Hitchin. Here 
the church yard bordere the village green where three roads 
meet and cross, leaving wide irregular gi-ass plots over which 
one ciui look as he drinks his glass of " Bitter " at tlie sign of 
The Green Man. 

Opposite the clnirch, across the road by which we arrived, is 
the delightful group of stables and out-buildings of tlie Ickleford 
Manor through which we rode on oui* way home. 
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This short spin was a foretaste of what was to come, for the 
next morning we started to explore the country to the south of 
Hitchin, and our cyclometers had registered twenty-two miles 
and the evening clocks struck nine before we returned. 

Starting back towards London we passed under the railroad 
and crossing the little River Hiz near '* Nine Springs," where 
remains of the Roman Villa were recently uneaithed, we came 
soon by channing roads to the village of Great Wymondley. 
On some of its plastered walls I saw for the first time the 
scratched patterns which were often seen afterwards. The 
patterns are drawn on the moist plaster surface with a wooden 
comb, the spacing of its teeth giving character to the many 
interesting patterns, which are formed by various swinguigs 
and pivotings of the comb. 

The church of (ireat Wymondley dates for the most pail 
from early in the 12th Century. It consists merely of chancel, 
nave and west tower. The tower was built in tlie 15th Century 
when windows were insei*ted in the Norman walls of the nave 
and chancel, which are built of small rounded stones often laid 
in herrmg-bone pattern. The chancel has an apsidal tennina- 
tion with three small round arched windows at the sides and 
a 15th Century window inserted at tlie east end. The old 
Nomian chancel arch is one of the few existing in this section 
of the country . The south door and heavy octagonal f(mt just 
inside it are also of the early period. The chamiingly simple 
old south porch, becomuig decrepit, Wiis torn down some years 
ago and with that utterly false idea of " Restoration " was 
replaced by a new one of different design. 

The simple dignity and religious spirit of this churcli is 
such as one finds only in the smaller country parishes. Here 
are no nave arcades to give distracting vistas. This is not the 
shrine to which some almost " total abstainer" makes her one 
yearly pilgi'image for the purpose of displaying her Easter 
finery. Here Ls only the spirit of devotion, pure and simple. 
The effect is that which is obtained only by the expression of 
some gi'eat prmciple in its simplest tenns. 

From Great Wymondley, we struck back for the main road 
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to the south, which we rejoined at Little Wyinondley, where 
there are some early pointed arches and small fmgments which 
once formed pai*t of a cloistered Priory of Black Canons. The 
parish church, which was almost entirely rebuilt in 1875, is 
of the Perpendicular Period and from discoveries made during 
the rebuilding, is at least the third which has stood on that 
spot. 

We needed no watdi to tell us tliat luncli liour was 
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approaching and we pushed on to Stevenage, two miles or so 
down the main road, where we had a bite and a bit of rest 
before further explorations. 

The Stevenage of to-day is a town of some four thousand 
people and extends for the most part along eitlier side of tlie 
main highway which is the main coach road from London to 
the north. The parish cliurch of vSt. Nicliolas is about half a 
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mile from the mam road and marks the lacation of the origuial 
town of Stevenage, which was nearly wiped out of existence by 
a great fire in 1807, when forty-two houses were destroyed. 
The town rebuilt itself quite naturally along the coach road and 
the tmffic of the rival coach lines gave good living to many 
inns, the gentry, travelling north from London, making this 
their first resting place. Besides the coaches, there were heavy 
wagons carrying passengers and freight. They had wheels 
nine inches wide to prevent their sinking into the mud and 
usually were drawn by six horses but in bad weather they used 
even as many as twelve. 

The church of St. Nicholas, outside of the village, is of the 
later periods of Gothic building and consists of nave with aisles, 
chancel with chapels, and a south transept. There is aLso a 
west tower with a lead covered spire. Unlike the smaller one 
of St. Mary's at Hitchin, this spire is of considemble size, its 
base being nearly the size of the tower itself. Both these 
spires are covered with sheets of lead with curled joints, the 
edges being locked together much as one might lock his hands 
together by laying the fingers of one hand, palm down, on the 
fingers of the other hand, palm up, and then closing the fists. 
A heavy roll is formed at the angle and the sheets are laid at an 
angle with the horizontal. The smaller faces of the spire at 
Hitchin are covered ])y single rows of sheets but in the larger 
ones at Stevenage, the two rows overlap each other in a herring 
bone pattern. The churcli is of no mean size and suggests the 
well-to-do congregation of a thriving country town. 

Thus far my memory of our route on that charming ride is 
very clear and consecutive, but here, there comes a change ; for 
I was led from the broad highway by innumerable turnings, all 
quite delightful, of that I am sure, but quite confusing to my 
unaccustomed eye. I rememl)er distinctly only the two 
churches of St. Paul's Walden and Knigs A\'alden, which 
marked our en^atic circuit back to Hitchin. Their names are 
due to the fact that in these neightorhoods were deer-parks 
held respectively by the Dean and Chapter of St. Paul's in 
London and bv the Crown. 
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The church at St. PaiiFs Waldeii consists of west tower, 
nave, and cliancel with a south aisle and a chapel to the south 
of the chancel. It sits rather austerely in a somewhat unkempt 
church yard. Its special interest lies ui the Renaissance chancel 
screen and Keredos of odd design which I l)elieve are ascribed 
to Sir Christopher Wren. Whether this is his work or not, I 
do not know, but his connection with this little Hertfordshire 
church was evidently quite possible. 

The little church of Kings Walden cont^iins work of several 
centuries. The nave piers with interesting carved caps are of 
the 12th century and the tower, Avhile remodelled probably in 
the 14th century, contains work of a much earlier period. The 
nave has both north and south aisles and owing to the natural 
slope of the land, the north aisle was originally some two feet 
above the nave, though it is now on a level with it. The door 
from the north porch gives the mark of the original level. The 
church has fortimately saved its chancel screen, which is a 
good example of 14th century work. The tower is thickly 
covered with ivy at the bottom and with the white stones of 
the graveyard to the north and some fine old trees to the south 
and east, there is a great charm about this little church. 

A slow ride home m the cool of the evening finished a most 
interestmg day. 

We made a trip to Ashwell, some nine miles noitlieast of 
Hitchin, where there is a fine church with a dignified though 
much weather-beaten tower, on the hiside wall of which is a 
scratched drawing of the church, with records of the great 
stonn of 1362 which damaged so many of the churches in this 
district. 

It had been raining heavHly all day and cleared just before 
sundown, leaving everything sparkling and fragrant, and the 
memory of (mr ride back, about duvsk, with the i)erfumes of 
wild flowei*s and grasses blowhig cool and delicious across the 
darkening meadows, will always stir in me a longing for a 
return to my little Hertfordshire giirden of Kden. 



Digitized by 



Google 



46 HARVAKD EN(ilNKKKIX<; .lolKNAI. 

SOME ARCHITECTURAL ELEMENTS. 

The TiiSfum OnJer. 
Waltkk Dana Swan. 

Instructor in Architecture 

An einiiient critic has siiid with regiird to architectural skill 
that trained observation, knowledge of principles, and sound 
judgment as to the proprieties of constructional design were 
most essential. It is to be noted that obsei-vation is iii*st 
specified. This seems to be its natural place in our early 
architectural studies. 

It is true that most of us fail to notice accumtely the things 
about us until we dmw them, and if while we are learning to 
use the instruments and conventions of our future profession, 
we are also learning the forms which are to l)ecome part of our 
vocabulary so to speak, we are sei-ving ourselves doubly. If 
we have teen introduced to them in the right way, our cunosity, 
if not our enthusiasm is aroused. We have discovered for 
instance for ourselves certain principles of design such as mass, 
scale, proportion and the values of light and shade in whnt 
was to us previously, an uninteresting column. 

The masti^r to whom we are really indebted for nuich of our 
theoretical knowledge of classical forms has l)een thought to have 
l)een wanting somewhat in the faculty of observation. Or per- 
haps his early translators did not do justice to that power of his. 

This master was \'itruvius, a Koman architect of the time ot 
Augustus who stated witli great evident precision what he knew 
and had read of ancient architecture, and what he saw of con- 
tempomry building and its ait, to say notliing of many mechan- 
ical contrivances. 

At the time of the hite Renaissance, with its classical interests, 
a Koman of the Kmpire was of course an autliority on any matter 
of the arts and letters, and the formalists of tlu^ late l(ith 
century based their tlieories and propi)ed U[) tlieir failing con- 
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stnictive imaginations on such a voice of authority as to each 
dimension for every form. These also left rules of their own. 

As the student of the present day proceeds with his study of 
derived and natural forms he sees that questions of material, 
local conditions, scale and other such matters should always 
govern each case of the use of a form. He thus begins to see in 
his own experience that fixed proportions are not consistent 
with design and all that word means. 

The elements of architecture, as treated by most of those who 
have followed Vitruvius, consist, as may be imagined, of the 
discussion of such features as walls, openings (doors and win- 
dows) porticos (the orders), arcades, roofs (vaults, cupolas and 
ceilings), and staircases. These are then disposed as they 
should be in buildings for different purposes, together with 
much theory and with some space given to the question of 
materials, and sometimes more to the dedication to some royal 
patron. One Englishman of the 17th century gives the follow- 
ing headings : *' Materials, Foundation, Walls, the Appeitions 
or Overtures, the Compartition and the Cover," and much 
diverting nonsense besides, as for instance, with regard to the 
" Foundation which requireth the exactest care ; For if that 
happen to dance, it will marre all the mirth in the House.'' 
There were many Englishmen, (lermans and Frenchmen who 
treated the matter in a less humorous manner than the jolly Sir 
Henry Wotton, and during the last centurj' very helpful trea- 
tises on the elements, not (mly of the art of building, but of 
Design, have been written by such men as Durand and Keynaud 
in the earlier days of the century, and more recently by Cloquet 
and Guadet in France, and Biihlmann and Durm in Oennany. 

In beginning the observation of form in connection with con- 
ventions of architectural dmwing, more or less of pure theory Ls 
necessary. In other words we have to avail ourselves of the 
pith of the experience of others. For instjuice hi drawing the 
small building as in plate 1 we are obliged to ol^serve carefully 
the different parts and we find meaning and organic character in 
every part. We learn here the triple organic division of almost 
all architectural fonns and masses, the base or stereobate which 
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Plate 1. 
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connects the building with the ground, the wall itself and the 
protecting block or corona which covers the wall, having gutter 
moulding above and its supporting moulding below (another 
triple division) forming thus the cornice. We learn to look for 
this general form whenever a wall is to be crowned. Then if 
we substitute piei*s, or separate supports, for this wall we have 
the new element of the lintel, which has to cany the ceiling 
beams and the remainder of wall to support the roof, and the 
position of these beams would be marked on the exterior by the 
wide frieze of masonry, or masonry covered with stone veneer, 
so to speak. This bit of masonry wall carries the cornice and 
so we have in its logically derived form, the entablature consist- 
ing of architi-ave or lintel, frieze and cornice. 

There has been and is much criticism of the study of the 
orders at the beginning of an architectural education in the light 
of the vast store of other material which now constitutes the 
elements of the art of building. Some of this criticism is due 
to the reaction from the formalistic period when the orders were 
not considered as object lessons on the principles of design, but 
rather more as patterns or ornaments for the decoration of 
buildings which were not considered as architecture without 
them. 

Sir Henry Wotton writes as early as 1650, " I need now say 
no more concerning Columnes and their Adjuncts, about which 
Architects make such a noyse in their Books, as if the very 
terms of Architraves, and Frizes, and CoiTiices, and the like, 
were enough to graduate a Master of this Art. " 

More of this feelmg of opposition is due undoubtedly to an 
ardent desire for the study and development of newer types 
better expressing the changed conditions of life and art. That 
other studies of the principles of design and construction should 
go hand in hand with the careful study of the orders is 
unquestioned. 

M. (iuadet in his '* Elements et Theorie de L'Architecture " 
recently published, a work in wliich he considers all tlie elements 
in an extremely logical manner from the point of view of the 
constructionist as well as the theorist, pays tlie following digni- 
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fied yet enthusiastic tribute: '*Tlie study of the orders has 
been moreover .... the pivot of modern architecture since 
the 16th century. In the study of walls, cornices, doors, 
windows, exteriors and interiors you will have to refer to it 
incessantly. Tlie subject is then of capital importance and you 
cannot penetmte too deeply the principles. " And again, 
" Here then is the order, that element so ccmiplete, so unquali- 
fiedly fine, with a beauty which is that of truth. Its place in 
one's studies is surely most important on account of the great 
works with which it is identified, and also historically because 
for centuries it has been the principal architectural element. 
You cannot study it too much ; not perhaps because you ought 
ever to have to design or build a colonnade, but because in study- 
ing it you are developing yourselves." He then continues, 
" But this order ought to adapt itself to numerous necessities, 
for however simple the architecture of a civilization may be, it 
has singularly varied applications. Without doubt also the 
ancient order lent itself to a variety of veiy different expres- 
sions, and of these the three great families are the Doric, Ionic 
and Corinthian. " 

Of these three great families we shall consider first the Tus- 
can, the country cousin perhaps of the Greek Doric Order, 
following the suggestion of Sir Henry Wotton, who says, "First 
therefore, the Tuscan is a plain, massie, rurall Pillar, resembling 
some sturdy, well limbed Labourer, homely clad, m which kinde 
of comparison Vitruvius himself seemeth to take pleasure. 
.... The Tuscan is of all the rudest pillar and his Principal 
Character Simplicity." 

The order is but the slightly conventionalized expression of 
the logical forms shown in plate 1. It must be recognized how- 
ever that there is in this form something more than the mere 
constructive requirements. There is an idea made up of 
reverence for racial tradition and local feeling and such non 
materialistic things, but it is also almost essentially a piece of 
sound construction expressed in an artistic manner. With 
regard to the history of this order we have the following state- 
ment by a modem authority. " Originating in Etruria whose 
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people had originally come from the Pelasgic archipelago, it 
wavS communicated to the Romans who made it a simplification 
of the Doric which they had received directly from Greece." 
It is therefore most closely related to the Greek Doric Order 



umr.ix OF corNTRv house designed hy Messrs. <;akrp:re and Hastings 

SHOWING "tI'SCAN" CONSTRUCTION. 

which we shall find to be the most completely developed fomi 
of Imtel construction ever devised, but so organic in its use in 
the Greek temple that it seems unnatural to use it to express 
conditions diflfering from the original ones. The Tuscan Order 
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on the contrary has had a life of continous change and 
adaptability, and rational relation to partial wooden construction 
has kept it largely in active service. It has developed such use 
as that shown on page 51 and as in certain examples about 
the University here, the memorial gate of the class of 1875 and 
the north poi-ch of the Harvard Union. These two latter 
cases to be sure show certain properties of the form of the 
Doric order as used by the Romans, and also much Ionic 
influence, but they are good examples of the order used as a 
means to a desired end, and modified with freedom and intelli- 
gence. 

It seems a far cry from the Etruscan temple as described 
by Vitruvius to such modern use as is shown in the loggia 
by Messrs. Carr^re and Hastings, but the lack of the frieze, the 
ends of the ceiling beams projecting to support the overhang- 
ing and shading roof, and the wide intercolumniation proclaim- 
ing the wooden architrave, show the life in a form which we 
perhaps associate with musty books. 

By such a historic example as that of the '* Temple of Juno 
Sospita '' is shown the mingled respect of the Romans for the 
(ireek Doric order and their idealization of the simple Etruscan 
form of their more Italian ancestors. But whatever the forms 
of the mouldings may be the plain frieze covering the ends of 
the ceiling beams or trusses, if they are cut short as at C, and 
the omission of the frieze allowing the projection of the same 
l)eams or trusses as at I) are the constructional features which 
seems likely to persist along with the more conventionalized 
wholly stone treatment as fonnulated by the Renaissance Mas- 
ter, (iiacomo Barozzio, called Vignola, and shown here in our 
diagrams of the Tuscan order on plates A and B.* 

Here we see the three principal parts of the order whose char- 
acteristics we have somewhat noted. The l)ase or stereobat^, the 
colunm, and the entablature. We shall see them more fully 
developed and with more unity when we study the (Jreek Doric 
order, but not with such simple elements. 

♦The plates A and B were drawn by A. E. Hoyle, '04, from data furnished 
by the Department of Architecture, which Is indebted for some features to Prof. 
W^. R. Ware, late of Columbia University. 
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The square plinth or block on which the column rests 
would undoubtedly have been found inconvenient by the 
(ireeks themselves, but owing to the wide intercolumniation 
due to the wooden lintel or its tmdition, the square base does 
not interfere with passers. 

Theoretically the circular fonn of the shaft is due to the 
same desire for space, as the original isolated supports were fii-st 
roughly square and then polygonal, as shown in Egyptian forms, 
and then the angles were gradually removed. 

As the architrave or lintel must be square to carry wall above 
it the capital must effect happily the transition from round to 
rectangular, and how could it have been done more simply than 
by the firm circular echinus ? The shaft itself constructively 
includes the fillet or flat moulding at its top and bottom, as one 
can see the impracticability of having a " feather edge" as shown 
in the sketch in Plate 1, if the shaft was of such a scale as 
necessitated a joint of the base mouldings with the shaft. It is 
a slight misfortune therefore that our useful measurements can- 
not conveniently correspond in this case with the form, as they 
have been adapted elsewhere to the simplest common terms. \ 
When the Doric order is studied the reasons for the form of the 
cornice will be further observed, but the sepamtmg mouldings, 
the drip or cutting of the under side of the corona to prevent 
water from running in toward the jomt of the frieze and cornice, 
may be observed here in this elementary relative to the Greek 
Doric. 

As for the dmwing of this order hi which process we really 
become acquainted with the fonn, if we use our minds as well 
as our fingers, these plates may be of service, showing only, 
it must be remembered the conventional projections of the 
form, and not its real iuspect with its contrast of surfaces and 
its play of light and shade, l^hose qualities can best be 
appreciated by noticing such examples of this fonn as those 
referred to above, as here at Harvard. 

The unit of measurements in these phites is the lower diam- 
eter, a simplification of the *' Module " or one half diameter 
as used by the Renaissance masters in their fonnulas. It was 



Digitized by 



Google 



54 



HARVARD ENGINEERIXG JOURNAL 



the custom to give dimensions in these terms for the distance 
between columns, a dimension which seems evident to most of 
us now must depend on the length of the stone obtainable for 
the lintel, the scale of the order and such piuctical considera- 
tions. The intercolumniation here shown is a reasonable one 
to be kept in the mind's eye without the necessity of a fixed 
dimension. The other features of plate A explain themselves. 
On plate B is shown the method of drawing the order or 
" blocking out," an unsatisfactory expression for the orderly 
indication of the importance of mass first and detail afterwards. 
It is a useful exercise in systematic attack of any problem of 
drawmg and is found to be of the greatest practical service to 
the draughtsman when it has become second nature and is not 
a too conscious process, as of course it is in the early stages. 

That the shaft contracts noticeably in diameter between base 
and capital ought to be readily observed, but that this contrac- 
tion takes the form of a delicate curve might readily escape the 
eye. This feature is called the entasis and the principal method 
employed in finding it is shown. 

The points on the arc of the circle are equal divisions of 
sixths of that portion of the arc contained between the vertical 
projection of upper and lower diameters of the shaft, and these 
sixths are projected up vertically to the horizontal lines dividing 
the upper two thirds of the shaft into sixths. Where these 
intersect are found the points through which one must draw the 
outline of the entasis. 

llie dimensions given here on these plates will ser\'^e to help 
in memorizing the form, but they are only expedients to that 
end, and should be forgotten when once the form is mastered by 
tlie memory. It is a recognized fact in the experience of all of 
us that we are not really and intimately familiar with a form 
until we can draw it from memory. Our knowledge is not 
definite, our imagination has no point of departure, and to have 
mastered a simple form like tliat of the Tuscan Order so that 
it can be drawn from a knowledge of its proportions and pai*ts 
and not from the dull figures with which we at first learn it, has 
the [)leasure not only of a conquest but of a creation. 
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THE INDUCTION MOTOR. 

iNTUODrCTIOX. 

One statement of the law of electromagnetic induction is, 
that wlienever a wire is moved sidewise across a magnetic field, 
an e. m. f . is induced m the wire, which is at each instant 
pniportional to the rate at which the magnetic flux is cut by the 
wii*e, and in such a direction as to oppose the cause. Since 
motion is relative, the same result would be accomplished by 
causing the flux to cut across the wire. 

In either case the resulting current will be so directed as to 
4)l)po8e the relative motion between wire and flux. In the latter 
case, the electromagnetic drag on the wire will be such as to 
ui-ge it along in the same direction as that in which the field is 
moving, or we may say that the flux is dragging the wire after 
it (figure 1). Going a step farther, a closed loop of wire will 
tend to rotate when placed in a rotating magnetic field. 

This is in principle an induction motor, and consists essen- 
tially of two parts, a rotating magnetic field and a short-circuited 
armature free to rotate therein. 

If the rotation of the field could be obtained only by mechan- 
ical means, e. g,, by rotating the field magnets of a dynamo 
about the armature shaft, the device would have no commercial 
value other than as an electromagnetic coupling. The practica- 
bility of the induction motor, however, lies in the fact that the 
rotating field may l)e produced hi a very simple manner, by 
means of polyphase alternating currents circulating in overlap- 
ping stationary * coils. 

The production of a revolvuig m. m. f. by the combination of 
two or more alteniatmg m. m. f.'s diflfeiing in time phase and 
set at different angles, is roughly, analogous to the production of 

• It is evidently possible to produce the revolving field about the periphery 
of a structure free to revolve, and to have the short-circuited armature station- 
ary, in which case the field structure would revolve in a direction opposed to 
that in which the flux revolves around the field structure. This is not a 
common arrangement. 
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an approximately unifonn tuniiiig niomeut at the crank shaft of 
a steam engme by the combiiiatioii of the properly timed 
impulses of two or more pistons acting on cmnks set at different 
angles. 

The combination of a rotary field tlms produced with a 
short-circuited armature, constitutes an induction motor; "in- 
duction" l)ecause the annature cunents are induced by the 
movement of the field flux, whereas in most other types of the 
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electic motor the annature current or currents are <*o/Rlucted 
into the ariuature through sliding conta<*ts. In the latter case 
the field plays only a passive part and the energy to l)e tnins- 
fonned is fowducted hito the annature electrically, while in the 
induction motor the energy is transfen^ed by iwdu(*tion to the 
armature, the armature currents induced by the movement W 
the flux reacting upon that flux to produce rotation. 

What are here called the "armature " and the ''field," ai-e f re- 
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quently called the " rotor " and the *' stator/' respectively. The 
armature is usually the revolving part, but since the reverse is 
sometimes the case, the above nomenclature is sometimes mis- 
leading. Later on the field will be referred to as the *' primary" 
and the armature as the " secondary." 



The Phodi'ction of a Rotary Field. 

Consider two coils of wire with their planes at right angles 
(Fig. 2a), supplied with two simple harmonic currents of the 
same frequency and magnitude, but differing in phase by 90° 
(Fig. 2b). Each current will produce a magnetic force perpen- 
dicular to the plane of its coil, and of a magnitude proportional 
to that of the current at the instant under consideration. 

Consider the instant corresponding to the line oo (Fig. 2b) ; 
tlien oa"' will be the magnitude of the current in coil aa' and 
oP that of the current in coil BF. Represent the corresponding 
magnetic forces at the center of the coils by H^ and H^ (Fig. 
2a), and their resultant by H. 

Counting time from left to right in Fig. 2b, H^ is decreasing 
and Hy^ increasing at the instant oo represented in Fig. 2a. As 
Hy^ increases to its maximum value and then decreases, H^ 
decreases to zero, revei-ses direction and increases. During this 
same period, H has swung around to the left, first to the verti- 
cal position and then beyond. 

The magnitudes of these magnetic fields at any time t may 
be expressed as follows : 

tr. = ^„.x sin (o,^ + 90°) = /?;_ cos o,^ 

which is constant in magnitude and equal to the common ampli- 
tude of the two component fields. 

The angular position, <^, of /T, at any time f, is such that tan 
<^ = /T^ -r- ^, = tan w(, and <^ -|- ^ = w, which is constant. 

Thus the resultant field is constant in magnitude and revolves 
with a unifoim angular velocity, a> = "Iirn where h is the com- 
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mou frequency of the two currents ; L e. H makes one com- 
plete revolution for each complete cycle of the current. 

In a similar manner it can be easily proved that three equal 
simple harmonic currents of the same frequency, but differing 
in phase by 60°, flowing in three concentric similar coils witli 
their planes set at sixty degi^ees from each other, or that m such 

180° 
currents differing in phase by — - and flowing in m coils differ- 

180° 
ing in angular position by , will produce a uniformly revolv- 
ing field of constant magnitude. 

The number of such currents is limited by the increased cost 
and complication due to the large number of conductors con- 
necting generator and motor. In practice the number of cur- 
rents rarely exceeds three, although in a few cases as many as 
six are employed. 

Laminated Iron Cores. As it is desirable to reduce the reluc- 
tance of the magnetic circuit as much as possible, both the sta^ 
tionary structure (the field core), which supports the field coils 
above considered, and the revolvhig structure (the amiature 
core), which carries the short-circuited armature coils, are made 
of iron. They are also laminated throughout, since both undergo 
continuous flux changes. The plane of lamination is that of 
rotation, perpendicular to the axis of armature rotation. 

Leaving the armature for the present, consider a few of the 
possible arrangements of the field winding. 



Field WixniNds. 

Fig. 8 shows a two phase field where each coil is embedded m 
a pair of large slots. The flux corresponds to the instant oo 
(Fig. 2b), and is the same in direction as that of Fig. 2a. 

The presence of the large slots of Fig. 3 causes a considemble 
disturbance in the magnitude and uniformity of rotation of the 
field, to avoid which difficulty each coil or phase is usually dis- 
tributed in several pairs of small slots, as in Fig. 4, where each 
phase is distributed in six paii*s of slots, the two belts of conduc- 



Digitized by 



Google 



IXDUCTION MOTOR 



59 



tors designated a and a' corresponding to the two sides of coil 
aa' of Figs. 2a and 3, and the belts b and V to the two sides of 
coil^'. 

In a three phase distributed winding there would be six belts 
of conductors, each occupying 60° of the inner periphery (ff the 
field, two diametrically opposite belts for each phase. 

The disturbing effect of the slots may be still further reduced 
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by partly or wholly closing the slot openings (Figs. 4a and 4b). 

The factors which determine the slot proportions will be con- 
sidered later. 

Multipolar Windings. Thus far two pole fields only have 
l)een considered, /. e, fields in which there is one complete coil 
or two * belts of conductors, per phase, in which the m. m. f. and 
flux make one complete revolution per cycle of current, and in 
which there is a single space f cycle of flux distribution. 

*In the closed coil, three-phase winding, there is only one belt (120°) per 
phase. This is rarely if ever used for induction motors and will be described 
at another time. 

t There are two distinct variations of the flux density in the air gap of an 
induction motor ; the variation from time to time at any fixed point as the 
flux revolves, and the variation from point to point around the gap periphery 
at any given instant. The former is called the time variation and the latter 
the space variation or space distribution. A space cycle thus comprises a com- 
plete cycle of space flux variation. 
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It is usually desirable, however, to have a much lower speed 
of field revolution than that given by a two pole winding sup- 
plied with cunents of ordinary frequency. E. g. 60 cycles per 
second would correspond to 3600 r. p. m. of a two pole field, 
irrespective of the size of the machine. In order to reduce this 
speed it is necessary to employ multipolar field windings. 

A two-phase four-pole field is shown in Fig. 5, the flux cor- 




FTq.S.T vvo R<R5E.. Fbuf^ Rxcs One Slot rci^ R>ue teit PH. 

responding to the insUuit when the n current has its maxunum 
value and the h current is zero. For the siike of simplicity the 
winding is shown with one slot per l)elt and one conductor per 
slot. 

A little consideiiition will show that hi this case two complete 
current cycles are re(iuired for a complete revolution of the 
magnetic field, and that there are two complete space cycles of 
flux distributi(m, or four poles, at any instant. 

Similarly with a six pole winding, there will be six conductor 
belts per plia»se, three space cycles of flux, and three current 
cycles per revolution of the field. 
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In any case there is one conductor belt per pole per phase, 
and the number of slots in each belt (the number of slots per 
pole per phase), is a measure of the degree of distribution of 
the winding. This number varies from two to eight, depending 
upon the frequency, the peripheral velocity, and the size of the 
machine. 

From the foregoing it is clear that the following requirements 
in connection with the field winding are vital : all the conduc- 
tors in any one belt must be connected in the same direction. 




Fi&.6. Six Polcs. "R^J^eiE PHA^cft. 

Two SUOTS PEF( POL.& PCff PrtA^e.. 



i. e, so connected that the cunent must flow in the same direc- 
tion m all of them at the same instant ; adjacent belts in the 
same phase must be connected in opposite directions, or alter- 
nate belts in the same phase must be connected in the same 
direction. 

A six-pole, three-phase field, with two slots per pole per 
phase, is illustrated in Fig. 6. The a and a' belts belong to one 
phase the h and />' belts to another, and the c and r belte to the 
third. All the a belts are connected in one direction and all 
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the a' belts in the opposite direction ; similarly with the other 
phases. 

The dots and crosses in the slots designate piiinarily the 
relative direction of connection of the several belts of each 
phase, but in this case also designate the relative direction of 
the currents in the several phases at the instant when the cur- 
rent in the h phase has its maximum value. 

End Connections. 

As yet nothing has been said of the end connections between 
the several active or slot conductors of each phase, but the 
manner of making these does not affect the m. m. f. and flux 
across the air gap, as long as the above conditions with regard 
to the relative direction of connection of the slot conductors are 
satisfied. 

There are several methods of making the end connections, 
among which are the following, which refer to Fig. 6. Each 
method is illustrated by a winding table, in w^hich the order of 
the figures indicates the order of connection of the active con- 
ductors, and in which the plus and minas signs indicate the^ 
relative direction of progressicm across the gap peripheiy, in 
following the winding of each phase from one end to the other. 
The a phase is chosen in each case. 

Double Coil Windimf. +2-7 + 13-8 + 14-19 + 25 
— 20 + 26 — 31 + 1 — 32. Each slot is here rei)resented as 
canning a single conductor, but ordinarily each slot contains 
seveml conductors, in which case the conductors of two similar 
slots of the same phase are wound into a coil. E. //., in the 
present case, the conductoi-s in slots 2 and 7 would be wound 
into a coil, one end of which would be a terminal of the a phase 
and the other connected to the coil m slots 18 and 8, as indicated 
in the winding table. The remaming coils in the a phase are, 
14 - 19, 25 - 20, 26 - 31, and 1 - 32. 

This is called a double coil winding because there are two 
coils per pair of poles per phase. 

Single Coil Winding, 2-7 + 1-8 + 14-19+13-20 
+ 26 — 31 + 25 — 32. In this case the conductors in slots 
1, 2, 7 and 8 are wound hito a single coil in the manner indi- 
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catetl in the table, similarly with the other conductors of the a 
phase. There is thus only one coil per pair of poles per phase. 

The advantage of this over the double coil winding is that 
there are fewer crossings between the end connections of the 
sevend phases, which is an advantage chiefly in machines of 
relatively high voltage. 

The mean length of one turn of wire is evidently greater in 
this case than in that of the double coil windhig. 

Wave winding. 1 ~ 7 + 13 - 19 + 25 - 31 + 2 - 8 -f 14 - 
20 + 26 - 32. 

Lap tvindhu/. 1 - 7 + 2 - 8 + 13 - 19 + 14 - 20 + 2o - 
31 + 26 - 32. 

In either of these windmgs the conductors in coils 1 and 7 
would make up one coil, 2 and 8 another, 13 and 19 another^ 
and so on. The only tlifference between the two is in the order 
of connecting up the several coils 

These two methods are paiticularly adapted to the use of 
form-wound coils, smce each coil has the same shape as every 
other. The completed windmg looks just like that of a closed 
coil d. c. machine, and the coils are laid hi the slots in the same 
order. 

The mean length of one tuni is about the same as that of the 
single coil winding, but the number of crossings at the coil ends 
is greater than in either of the other cases. These methods are 
therefore best adapted to moderately low voltiige machines. 

Ring winding. This method is illustrated in Fig. 7, which 
shows a two-phase, two-pole field with six slots per pole per 
phase. Each phase belt is wound into a single coil by carrying 
the end connections around the field ring, and the adjacent belts 
of each phase connected in opposite directions. The result is 
obviously the exact equivalent of the drum windmg so far as 
the active conductors are concerned, the only difference being 
in the disposition of the end connections. 

Smce there are the same number of conductors on the outer 
as on the inner periphery of the field core, and arranged m the 
same relative order, there will l)e a revolving m. m. f. outside as 
well as inside. 
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This method would, for a multipolar machine, give a much 
greater length of idle wire than any of the drum windings, but 
a"]reduced length in the case of a bipolar machine of ordinary 
proportions. It also occupies much less space parallel to the 
shaft. 



a-PHAftC. 




b-PMaaE. 



Closed coil winding. This may be either drum or ring, but 
the latter will be used for illustration, the principle being the 
same m both. 

Fig. 8 shows a closed coil, two-pole, ling winding, tapped at 
three points, 120° apart. If three equal altematmg currents of 
the same frequency, but differing in phase by 120°, be supplied to 
this winduig at the three tapping points, they will divide sym- 
metrically in the winding so that the three belts will carry three 
equal cunents, 120° apart. The result will be a revolving m. 
m. f . around both the inner and outer periphery of the core. In 
the case of the closed coil drum winding placed in slots on the 
inner periphery of the core, there would be no m. m. f. on the 
outside. 

In either case the active conductors are divided into three 
equal belts, and the winding is best classified as a three -belt wind- 
ing, since the ordinary three-phase winding is a sir-lwlf wdnding. 
In the former case each current crosses the face of the core in 
only one direction, while in the latter each current crosses the 
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face of the core in two places, in opposite directions, Fig. 7, thus 
supplying two cun-ent belts, in which the currents are 180° 
apart. In the former case each belt is broad, and during much 
of the time the ciurrent in some of its conductors is opposing 
the flux generated by the current in the remainder, while in the 
latter case each belt is narrower and the currents in its several 
conductors act more in unison. This reduces very considerably 
the effectiveness of the three-belt distributed winding. 

If a two-pole, closed coil winding, with four equidistant tap- 




b«I^&IN(u t-h I8tf). 
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ping pomts, be supplied with four, equal, alternating currents 
90° apart, the result will be identical to that obtained by the 
ordmary two-phase four-belt winding of Fig. 7. Six equidistant 
tapping points supplied with six alternating currents 60° apart 
will give the same result as that obtained by the ordinarj- three- 
phase six-belt winding. In either of these last mentioned cases, 
there are six equal belts, in which the currents differ in phase 
progressively by 60°. 

The above refers strictly to two-pole winding only, but the 
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change to multipolar is an easy step. E. g.^ in the thi-ee-phase, 
four-pole^ closed-coil winding, there are six equidistant tapping 
points, and six equal belts ; each two diametrically opposite tap- 
ping points are connected together, and the three paira are the 
three teiminals. In this way, each two diametrically opposite 
belts are connected m pamllel instead of in series as in the 
ordinary four-pole wmdmg. In the six -pole machine there are 
three similar belts connected in parallel for each phase and so on. 

The greater the number of belts per pair of poles, the nar- 
rower will be each belt, the more will its current act as a unit, 
and the smoother will be the rotation of the field. 

The closed coil winding is never used in a machine intended 
primarily as an induction motor, but the induction motor action 
of such windings is frequently made use of in staitmg synchron- 
ous converters, where this type of winding is necessary. 

Pole winding. Another type of winding mrely employed 
is the pole winding shown in Fig. 9. This is a two-phase, 
two-pole field, for although there are four mechanical poles, 
there are at any instant only two resultant magnetic poles. 

The flux is shown corresponding to the instant when the two 
ciuTcnts a and h are equal and in the same direction (fig. 2a). 
Forty-five degrees later in the current circle, b will have its 
maximum value, a will be zero, and the resultant flux will he 
from pole 2 to pole 4 ; 45° later the flux will be diagonally from 
poles 2 and 3 to poles 1 and 4, and so on, making one complete 
revolution for each cuirent cycle. 

The disturbmg effect of the large poles and inten^ening spaces 
is veiy great, but there is another veiy serious objection to this 
type, namely, that the cross-section of the magnetic circuit linked 
with any one coil is very small as compared with that of the 
conesponding drum winding (Fig. 3), and the reluctance cor- 
respondingly large. The effectiveness of the current is thus 
greatly restricted. 

This type of field wmding is never employed where the 
machine is to be used primarily as an induction motor. 
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M. M. F. AND Flux Disthibltion in thk Aik Gap. 

The first consideration of the rotating magnetic field was 
made (page 59), by determining the resultant magnetic force at 
the centre of a system of coils, and by assuming the flux pro- 
portional to the magnetic force; but in the kind of magnetic 
circuit now under consideration, including iron path and air 
space, and with distributed windings, it is necessary to consider 
more carefully the nature of the rotation of the field and its dis- 
tribution along the air gap at any instant. This last is especially 
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impoitant since it is upon this that the induced e. m. f. in tlie 
armature coiLs depends. 

The considenition of the flux distribution in the air gap is 
somewhat simplified by the fact that the densities commonly 
employed in the field and armature cores are comparatively low, 
in order to avoid excessive core losses.* The result of this is, 
that of the m. m. f. around any elementaiy magnetic circuit which 
crosses the gap twice and links with certain field currents, nuich 
the larger part is consumed in the gap, only a small part l)eiug 
required for the iron. 

• ITiere i« not the same necessity f»»r low ileiisily in the armature core as in 
the field, since the former is i-evolvin«: with tiie tlux, and the frequency of 
reversal i« much reduced. 
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Therefore, to find the ampere turns consumed in the gap at 
any point, it is only necessary to follow the circuit of the flux 
at that point and to divide by two the ampere-turns linked with 
that circuit. 

Consider first a two-phase field with one slot per pole per 
phase. Imagine the field and armature cores cut radially and 
straightened out, and consider an edgewise view (Fig. 10). 
Designate the two currents by a and ^, then since they are 
assumed to have the same .maximum value ; 

« = J^max sill ^^ \ /|x 

ft = Ir^. sm {^t + 90°) = /_ cos cuf i • ^ ^ 

For convenience take I^^^ =■ 1, then ; a = sin mt and b = 
cos int. Assume one conductor per slot and take a and b as 
positive when progressing through the winding from left to right 
in the figure, as hidicated by the arrow heads. Count the flux 
across tlie gap as positive when directed downwards in the 
figure, from field to armature. 

C(msider an instant when a and ^ are both positive in the 

sense above described ; then the m. m. f. between the slots 1 

and 3 will be downwards across the gap as far as the current a 

is concerned ; between 2 and 4 downwards due to current b ; 

between 3 and 5 upwards due to a ; between 4 and 6 upwards 

due to b; and so on. Adding these overlapping m.m.f.'s 

together and expressing their sum in terms of ampere turns, 

a ~H b 
gives: between 2 and 3, m. m. f. across gap is — — - ; between 

3 and 4, ; and so on, as indicated on the figure. 

Starting with the instant when mt = o, Equation (1), the cor- 
responding m. m. f. distribution along the gap is shown in Fig. 
10a. Figs. 10b, 10c, lOd, and lOe show in a similar manner 
the m. m. f. distribution at successive intervals, indicated on the 
figures. , 

The diagonal Imes indicate the progression of the -m.m.f; 
Owing to the natural dispersion of the flux, it will undergo 
no sucli abrupt changes in density as appear in the m.m.f. 
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curves; othenvise the curves showing the flux distribution in 
the gap would have the same general shape as those of m.m.f. 

An inspection of these curves shows that although the flux 
as a whole is progressing along the gap to the right, the nature 
of it.s space distribution varies considerably from one instant to 
another. 

It is obvious that the steps in these curves may be increased 
in number and decreased in magnitude by increasing either the 
number of phases, or the number of slots per pole per phase, or 
lx)th. 

Figs. 11, 11a, etc., show the results of the same kind of 
analysis for a three-phase field with four slots per pole per 
phase. The currents will be called positive when in the direc- 
tions indicated by the arrows on the end connections and by the 
dots and crosses on the active conductors in Fig. 11. 

The three currents are — 

a = I^^^ sin iot ^ 

* = ^.x8in(a,f-60°) < . . . . (2) 

^ = 4.x8m(a,f-120°) ) 

These are plotted in Fig. llf. Take /„,„ = 1, then, a = 
sin <o^ i = sin {<ot - 60'') and <? = sin (a>f - 120"^). 

The relative directions and, roughly, the magnitudes of the 
currents in the several belts are shown for each curve by the 
dots and crosses along its axis. 

Counting the m. m. f. and flux as positive when downwards 
across the gap, and expressing the m. m. f. in terms of the 
ampere turns, as in the preceding example, we have: the 
m.m.f. across the gap, due to the a current, is 2a between slots 
4 and 13 ; — 2a between 16 and 25 ; a l)etween 3 and 4, and 
between 13 and 14; zero between 2 and 3, and between 14 and 
15; —a l)etween 1 and 2, and between 15 and 16. Similarly 
with the other phases. Adding together the overlapping m.m.f.'s 
of the three phases gives the totals indicated in Fig. 11. 

Starting with tot == o, we have a = o, h = — .866, and a 
= ^ .866. Substituting these values and plotting, gives Fig. 
11a; Figures lib, lie lid and lie were obtained in a similar 
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The stator slot nuiiibei-s in Fig. 11 are misplaced from no. 13 on. The numbers 
in text refer to the correct .sh)t niimbei*s. 
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manner for the successive intervals indicated thereon. The dot- 
ted curves are equal sine curves, each having an area equal to 
the average area of the actual m. m. f. distribution curves. The 
diagonal lines indicate the progression of the flux as in Figs. 
10a, 10b, etc. 

In Fig. 11a there is also shown the approximate path of the 
flux on one side of the air gap, the direction of the flux being 
indicated by the arrow-heads. The axis of the curve is taken 
as the line of the developed air gap. 

Angular Velocity of Field Rotation, Since the portion of the 
gap peripher}' shown in Fig. 11 corresponds to one pair of poles, 
360 electrical degrees, or one space cycle, the curves show that 
during the time occupied by one-sixth of a current cycle (from 
<i)^ = 0° to <o^ = 60°) the m. m. f. has progressed along the air 
gap a distance corresponding to one-sixth of a space cycle, or 
60° (electrical). Therefore, the electrical angular velocity with 
which the m. m. f. and flux revolve around the air gap is <o = 
2 IT w, where n is the frequency of the impressed currents. 
Also, if y is the number of pairs of poles, the number of 
mechanical revolutions of the flux per second is n-~/>' and 
r. p. m. = 60w-^j9'. 

Although neither the maximum ordinate nor the area of the 
half wave of m. m. f. distribution (which is a measure of the 
flux from one pole), is constant from one instant to another, 
the variation is very small in the case illustrated. As above 
explained, the curves of flux distribution will not show such 
abrupt changes as those of m. m. f., and will approach very 
closely to sine waves in the machine under consideration. 

The final result of the analysis is thus to show that equal 
simple harmonic polyphase currents, when flo^ving in windings 
as above desciibed, will produce an m.m.f. distribution approxi- 
mately sinusoidal and revolving bodily around the gap periphery 
with a uniform angular velocity ; or it might be said that a series 
of m.m.f. waves sweep around the gap. The degree of approxi- 
mation of these waves to sine waves, and tlie smoothness of 
their rotation, increases with the number of phases and the 
number of slots per pole per phase. 
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A consideration of the current distribution as shown roughly 
by the crosses and dots on the axis of each of the curves (lla^ 
lib, etc.), shows that this is cyclic in character and that as a 
whole it is progressing along the gap periphery with the same 
velocity as that of the m.m.f. waves. The progression of the 
m.m.f. is of course merely the result of this cuiTcnt progi-es- 
sion. The latter is the origin of the German term "Dreh- 
strom," applied almost universally to three-pliase motors and 
generators. The m.m.f. of the armature or secondary currents^ 
will be considered later. 

The effect of Open Slots on the field is obviously to intro- 
duce kinks into the flux distribution curves, there being a 
depression in the latter opposite each slot. If the armature 
also has open slots, the distribution of kinks will depend upon 
the relative position of the armature and field and their relative 
number of slots. The effect upon the time variation of flux at 
any point is to introduce very high harmonics. 

Elementary Theory of Operation. 

Consider now the interaction between a revolving field and 
the cuiTents induced thereby in a shortxjircuited armature. 
There are numerous varieties of short-circuited armature wind- 




FlQ.lg. 



ings, some of which will be described later. For the present 
consider the type shown in the developed diagi*am of Fig. 12, 
where each active annature conductor forms part of a single 
closed loop sun-ounding the ring core, and is independent of 
the others. 
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Assume a constant,* imifoimly revolving flux, distributed 
sinusoidally along the aii* gap. 

Let cuj = the electrical angular velocity of the revolving field. 
Then <oi = 'Zirn where n is the frequency of the impressed 
currents. 

Let wa = the electrical angular velocity of the armature rota- 
tion. Then Wj— wg = the relative electrical angular velocity 
between field and annature, or what may be called the electrical 
angular velocity of slip between armature and field. As far as 
the armature currents are concerned, the result would be exactly 
the same if the field were stiitionarj^ and the armature made to 
revolve backwards (counter-clockwise), with the electrical angu- 
lar velocity w^ — wj. 

Slip. The percentage which this slip velocity is of the field 
velocity, is usually called the slipy and will be herein designated 
by the small letter « ; we then have — 

, = J?L_-^<^_ (3) 

When « = o, Wj = cui, and the armature is said to be revolv- 
ing synchronously, or in synchronism with the field. 

When « = 1, cuj = o, and the armature is at standstill ; s may 
then be defined as the percentage by which the armature falls 
below synchronism. 

Armature E. M. F. As the annature revolves backwards 
relatively to the flux, etK*h armature conductor cuts through 
the flux and has genemted in it an alternating e. m. f. with one 
complete cycle for each electrical slip revolution. The fre- 
quency of this armature e. m. f. is therefore equal to the num- 
ber of electrical slip revolutions per second, namely, *^^ ~ ^^ = 

•The induction motor is a fonn of transformer with a short-circuited 
secondary free to revolve, and as such there are three fluxes to be considered ; 
the above considered mutual flux which crosses the gap and links with both 
the field (or primary) and the armature (or secondary) conductors, and the 
primary and secondary leakage fluxes linked only with their respective cir- 
cuits. In a good induction motor the latter are comparatively small. There- 
fore, of the impressed primary e. m. f., much the largest part is consiuned in 
balancing the e. m. f. induced by the mutual or gap flux; and with constant 
impressed e. m. f. the mutual flux will vary with varying current only in so far 
as the impressed e. m. f. is partly consumed by the primary resistance and 
leakage reactance. 
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9n. Designating this armature or secondary frequency by n,, 

The magnitude of the armature e. m. f. is proportional to the 
velocity with which the armature conductors are cutting through 
the flux, i. e, proportional to the «/ip, and is in form sinusoidal, 
since the flux distribution is sinusoidal. Designating the r. m. s. 
value of this e. m. f . by E\^ we may write — 

E^^ C% (5) 

where C is the constant of proportionality, involving the r. m. s. 
value of the flux density, the length and peripheral velocity of 
the armature. It should be remembered that we are here con- 
sidermg the e. m. f. of only a single loop or conductor. 

Thus both the frequency and magnitude of the armature 
e. m. f. are proportional to the slip s. This relation is very 
impoitant and should be kept clearly in mind. 

Armature Current. With a given e. m. f. E\^ of frequency 
nj, the phase and magnitude of the resulting armature current 
will depend upon the resistance and leakage inductance of the 
armature coil under consideration. The leakage inductance 
takes account of what is called the armature leakage flux^ namely 
that flux which is due to the armature current and is linked 
with only the armature circuit, not with the main field circuit. 

There are thus three e. m. f.'s acting in this closed armature 
coil ; E\^ the e. m. f. induced by the cutting of the main flux 
(corresponding to tlie impressed e. m. f . in a simple a. c. circuit), 
the reactive e. m. f. induced by the leakage flux, and the counter 
e. m. f. of resistance. Designate the armature current by /«, and 
the armature resistance and leakage inductance by r^ and i, 
respectively. Then the secondary leakage reactance is — 

2 IT tu Li = Sii}^ L>i — s x-* . . . . (6) 

where Xo is the secondaiy leakage reactance when % = \, i. e, at 
standstill. The armature current is then — 

J _ E\ Cs 
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If we designate by ^ the angle by which I^ lags behind E\^ 
we have — 

tan ^, = -^ (8) 

Thus for a given machine, both the phase and magnitude of 
the annature current are determined by the slip, since all the 
other quantities involved in equations (7) and (8) are constants. 
(This includes the assumption of a constant flux, which is a 
rough approximation to actual conditions.) 

For small values of «, i. e. for values of the armature speed 
which approach closely to the constant field speed, I^ is practi- 
cally proportional to s ; but as s increases, the second term in 
the denominator of (7) becomes more important and /j increases 
less mpidly, until r^ finally becomes negligible as compared 

C 
with 9^x\ and Ij approaches its limit, — , see Fig. 13. 

Armature Torque, Keeping the above relations in mind, 
investigate the torque producing value of the armature cur- 
rent for different values of s. 

Refening to Fig. 12, imagine the flux and armature to be 
moving from left to right, but the armature less rapidly than 
the flux. The relative motion of the armature through the 
flux will then be from right to left. 

Consider any one armatiu*e coil as it slips by tlie field with a 
unifonn velocity. The e. m. f. induced by this motion will be 
sinusoidal since the flux distribution is sinusoidal, and if there 
were no leakage reactance^ the current would be in phase with 
this e. m. f. In this case of no leakage^ the current would reach 
its maximum value at the same instant at which the e. m. f. 
reaches its maximum value, namely when the coil in question is 
in the strongest part of the field (at /w. Fig. 12, where the sine 
curve shows the flux distribution in the gap at the instant under 
consideration), and would reverse just as the coil was passing 
from the positive flux to the negative (o. Fig. 12). 

The drag of the field on the coil at any instant is propor- 
tional to the strength of the current at that instant and to the 
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Btrength of the field in which it is located. Therefore, since 
the current and field reverse together, the drag will always be 
m the same direction, namely, the direction in which the field 
is moving. 

In Fig. 14, curve I represents the flux distribution around 
the field periphery ; curve II represents the current hi the arma- 
ture coil under consideration, when in the several positions 
along the field periphery. E, g, the maximum e. m. f. occurs 
when the coil is cutting through the strongest part of the field 
(m. Fig. 14), and since we have assumed that there is no leak- 
age inductance there will be no lag, and the maximum current 
will occur when the coil is at m ; similarly with the other 
points. Curve III is the product of I and II, and its ordin- 
ates are therefore proportional to the drag upon the coil in the 
several positions ; the line dd shows the average value of this 
drag. 

The di-ag or torque due a number of armature coils equally 
spaced, would be represented by the siun of several equally 
spaced overlapping curves, each similar to III. A little con- 
sideration will show that this sum is a constant quantity and 
may thus be represented by a straight Ime. 

In this assumed case of no lag and constant flux, the torque 
is proportional to the current. Therefore, as the slip mcreases, 
the toixjue will also in(?rease, and in the same manner as the 
current (see Fig. 13). But no armature is without leakage 
inductance and the resulting lag must be considered. 

Effect of Lag upon Torque, A lagging current means a lapse 
of time between the occurrence of similar values of the e. m. f. 
and current, and during this lapse of time the armature coil 
has moved into a field of different density. E. //. the armature 
current does not reach zero until shortly after the e. m. f. has 
passed through zero, during which interval the coil has slipped 
back to some position such as ^', (Fig. 14 and Fig. 15), and the 
current will be displaced relatively to the flux curve, (Fig. lo). 
The resulting torque curve is shown in III, (Fig. 15), from which 
it appears that the average torque is much reduced from what 
it was with the same value of ncm-lagging current. In fact, if 
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there were a 90° displacement between the cun'eiit and flux 
curves, their average product would be zero. The effect of 





leakage inductance and the resulting lag of annature current is 
thus to duninish the torque producing value of the current. 

When calculating the power in an a. c. circuit, it is found 
that the average value of the product of two sine fiuictions of 
the same frequency is equal to the product of their r. m. s. 
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values and the eosiiie of the angle of phase displacement between 
them. Tlierefore the average value of the torque is propoitional 
to the cosine of tlie angle between tlie current and flux curves 
(I and II, Fig. 15). But tliis angle is the angle by which the 
armature falls behind the revolving field during the lag interval, 
and is proportional to the rate at which the armature is falling 
behind (^. e. to the electrical angular velocity of slip), and to 
the duration of the interval. I'hese two factoi-s may be obtahied 
as follows : 

The frequency of the armature current Ls, n^j. = .y^ (^^^ *^4- 

4). Therefcn-e the time occupied by one complete cycle is 

— = ^^, and the time corresponding to the lag angle ^2 is, 

it 2 O^j 

iir 6 

77^ X — = -^ seconds. The electrical angular velocitv of slip 
is «a)j, and the electrical angle of slip during — ^ seconds is then, 

6^ = tan-^ — \ (see eq. 8). 

I'hus the angular displacement of the cunent and flux curves 
(Fig. 15) is equal to the angle ^ by which the current lags 
tehind its e. m. f. The cosine of this angle is, 

cos^.. = .-^j-^ , (9) 

Remembering that the average torque is proportional to the 
product of current, flux and cos ^, and that the flux is assumed 
constant, it appears that as % increases {L e, as the annature 
slows down), the torque is effected in two opposite directions ; 
increased by the increase in current and decreased by the 
decrease in cos ^. 

This last effect may be explained thus : the increase hi B^ 
allows the amiature conductors to be earned farther ba<?k into 
the revei-sed field, mtroducmg a negative torque period and 
thus reducing the average torque. 

The combination of the above two opposing effects may be 
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more accurately analyzed by means of the algebraic statement 
of the relation involved. 

Designating the average torque by 7' and the r. m. s. value 
of the flux density around the field periphery by B^ we may 
write — 

T=. C\B I^co&e^ (10) 

where C^ is the constant of proportionality. 

Substituting for I2 and cos 63 their values as given m eqiui- 
tions (7) and (9), and combining the three constants C, C'j, and 
B into one constant O.^ we have : 

T= C\ , ^^, , (11) 

Strictly speaking we have been dealing with only a single 
armature coil, but equation 11 may \m used to determine the 
torque due to any number of coils, by a proper change in the 
constant, C\. 

Analysis of Torque Eipiation, For very small values of h^ 
9^2^ may be neglected, and (11) may be written, as an approxi- 
mation, 

T.^.u=(^\^ (12) 

which is the equation to a straight line. If we plot s down- 
wards from o' and w^ upwards from o, Fig.- 16, the above men- 
tioned straight line, o^, Fig. 16, will slope downwards from the 
horizontal by an angle <^„ such that 

tan^o^fr (12a) 

In other words, the drop in speed, for a given toi-que, is pro- 
portional to the armature resistance. As s increases, the sec- 
ond term in the denominator of (11) increases more and more 
rapidly and soon predominates. Then r^^ may be neglected, 
and we have as an approximation for large values of «, — 

y =C,A, (13) 
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which is the equation to a rectangular hyperbola with o^ and 
o^ as asymtotes. This is shown by the broken curs^e c^, Fig. 
16. The actual curve lies between these two (o'a and cTb), 
and is shown full in curve I. This curve is sometimes called 
the mechanical characteristic or the speed characteristic, as it 
shows the relation between speed and torque or between slip 
and torque. 

The connection between the torque curve and eq. (11) will 
become more clear by going back to equations (7) and (9) from 
which (11) is built up. (See also Fig. 13.) 

As 8 increases from zero, /j increases at first practically in 
proportion to «, while cos $2 changes at first very slowly ; i. e. 
the torque-increasing effect of the increased current predomi- 
nates over the torque-decreasing effect of the increased lag. 
But as s continues to increase, I^ increases less rapidly and cos 
$2 decreases more rapidly ; i, e. the torque-decreasing effect of 
the increased lag begins to predominate and the torque decreases. 

Maximum Torque, The value of « corresponding to the 

dT 

maximum torque may be found by placing t— = and solving 

for s. This gives : 

«t™.x = ^ (14) 

Substituting this in (11), gives as the maximum torque: 

C C 

'^^^^2^^i^L2 ..... (15) 

Thus the maximum or break-down torque is independent of 
the resistance, and inversely proportional to the leakage induc- 
tance of the annature and to the frequency of the primary 
polyphase alternating currents by means of which the rotating 
field is produced. This is one of the reasons why high fre- 
quency induction motors are relatively unsatisfactory, since, 
other things being equal, high frequency means relatively low 
break-down torque, T^^» 

Equation (14) shows the interesting fact that the value of 
y.j wliich makes the torque a maximum at standstill (s = l) is. 
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Starting Torque, A standstill s=l and eq. 11 becomes — 

■"■-^ ■ w 

For values of r^ within the range of normal operation, r^^ may 
be neglected in the denominator and we have as a fair approxi- 
mation : 

T'.-^ {16a) 

Equations 11 to 16 inclusive, show clearly the relation between 
some of the constants of the induction motor and its general 
characteristics of operation. There is one point, however, that 
needs a little explanation ; it has been assumed that the flux 
(or, what is equivalent, the r. m. s. value B of the gap density) 
is constant, with constant impressed primary e. m. f. But as 
the primary current increases, the primary counter e. m. f. (to 
which B is proportional) differs more and more from the con- 
stant impressed e. m. f., because of the increased drop, due 
partly to the primary resistance but mostly to the primary leak- 
age reactance, and although this decrease of B is small during 
normal operation, it becomes large at low speeds. Moreover, 
B is twice a factor in C^- 

The effect of the. primary leakage reactance is thus to reduce 
the torque corresponding to any value of £, which is much the 
same as the effect of the secondaiy leakage reactance. Much of 
what is here said in regard to secondary leakage reactance will 
apply roughly, therefore, to the primary leakage reactance. 

Secondary Resistance. Fig. 16. From eq. 12a, the droop of 
the speed torque characteristic is directly proportional to r^ ; 
i. e. the smaller r^ the better the speed regulation. 

From eq. 14, the slip corresponding to maximum torque is 
directly proportional to rg, and from eq. 15, the maximum torque 
is independent of r^. Therefore the point m will move verti- 
cally in the figure as r^ varies, the distance of m below oX being 
directly proportional to r^, (eq. 14). In Fig. 16, the three 
torque curv^es correspond to values of ra in the ratio of 1, 2, 
and 4, as shown. 

From eq. 16a, the staiting torque is directly proportional to 
rj (for small values of rj). 



Digitized by 



Google 



82 



HARVARD EXGIXEERING JOURNAL 



It thus appears that good speed regulation requires a small r, 
and a large starting torque requires a large r^. Both of these 
requisites cannot therefore be inherent in the same machine^ 
but they are usually secured by inserting an extra resistance 
in the secondary or annature circuit while starting, and cutting 
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it out gradually as the speed mcreases, after much the same 
fashion as when starting a direct current motor. 

This extra resistance may be external and connected to the 
armature with the aid of slip rings ; it may be supported on the 
annature spider and be operated by means of a hand lever and 
slidmg collar on the shaft, working a switch which also revolves 
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with the armature (this arrangement might be called a mecliani- 
cal slip ring) ; or, while revolvhig with tlie armature, it may be 
cut out automatically by a centrifugal device set to operate at 
tlie proper speed. 

Each of these devices mvolves a sacrifice of the beautiful 
simplicity made possible by the permanently short-circuited 
annature. 

Leakage Reactance, From equaticm 15, the maximum torque 
is inversely proportional to x^ and from equaticm 16a, the start- 
ing torque is, for small values of ra, inversely propoi-tional to 
the square of x.,. These points are shown in Fig. 17, where 
are drawn three speed-torque characteristics for three values of 
^2, in the rntio of 1, 2 and 4 as indicated. 

Dividing eq. 14 by eq. 15 gives — 

2r 
tan <^^ = -^^ (17) 

which is independent of ^2. Therefore all of the break-down 
points, wij, Wj, etc., will fall on the same line, oiTu 

Another undesirable effect of the leakage reactance, which 
will appear more clearly later, is that it h)wers the primary 
power factor. 

It is thus eminently desirable on all accounts to reduce the 
leakage reactance to the lowest possible limit. A few of the 
obvious methods of reducing the leakage inductance are : reduce 
the length of conductor ; reduce the number of amperes per slot 
in order that the leakage flux genemted by one ampere may be 
linked with as few othei amperes as possible ; reduce the ratio 
of slot depth to slot width, in order to increase the reluctiuice 
of the leakage patli ; and use open rather than closed slots. 

Frequency. Since x^ is proportional to ^, what \\^& been said 
of X2 applies with equal force to the frequency, and it is now 
apparent w^hy high frequency induction motors possess much 
less desirable operating characteristics than those for low fre- 
quency. 

Air Gap. Considering the induction motor from the trans- 
former standpoint, and remembering that the flux is determined 
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by the impressed e. m. f., it is obvious that the primary^ circuits 
must caiTy exciting currents of sufficient magnitude to produce 
the necessary' flux. Moreover, smce the reluctance of the main 
magnetic circuit is mostly in the air gap, the exciting current 
will consist chiefly of a magnetizmg component 90° behind the 
impressed e. m. f. 

In order therefore to reduce this magnetizing current and 
thus to improve the power factor, the length of the air gap 
must be reduced to the mechanical limit. 

AUMATIHE WlNDlNC;. 

The armature winding considered thus far consists of a num- 
l)er of independent coils on a ring core. The active part of each 
coil is that part lying on the outer surface of the core, across 
the peripher}' of the air gap, the inner part being necessary only 
as a means of ccmiplethig the circuit. This method was illus- 
trated because of its simplicity, but the end connections are too 
long, introduce too mucih resistance and leakage reactance, and 
involve too great a weight of copper. 

There are several other methods of connecting up these active 
conductors, the most important conditicms to be satisfied being 
that the minimum length of wire should be employed, and that 
all the conductors connected together in one circuit should lie 
in similar parts of the field, i. ^., they must be so situated that 
the e. m. f. induced in any (me of them will always be ui the 
same direction as that induced in all of the others at the same 
instant. This is also ecjuivalent to saying that the torque due 
to the current in one of these conductors will be in the same 
direction as that due to the current in each of the others at the 
same instant. 

Similarsi. When two active conductoi^s are 180 electrical 
degrees (or any multiple thereof) apart, they are called shnilara; 
from which it follows that any two adjacent similars when con- 
nected together to fonn a loop, satisfy the above condition. 

There are various other methods of connecting up these simi- 
lars in short-circuited sets, but nmch the most common fonns 
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of arrangement of the secondary active conductors are the fol- 
lowing. 

Squirrel Cage Secondary, In this case the secondaiy con- 
ductoi^ consist of copper bars, round or rectangular, usually 
uninsulated, one per slot, and connected together at the ends 
by two copper rings, one at each end of the core, soldered (or 
screwed, or both) to the end of each active conductor. 

This arrangement has a lower equivalent resistance of end 
connections for the same amount of copper than any other, and 
is ideal in its rugged simplicity. 

Wound Secondary, It frequently happens, however, that it 
is desirable to introduce a resistance into the secondary for 
starting, or for speed control. In this case the conductors must 
be connected up in a comparatively small number of circuits or 
phases, m order to avoid complication due to many slip rings or 
other connections. As the three-phase winding gives the 
smallest number of leads in propoi^tion to the number of cir- 
cuits, this is ordinarily employed, the winding being earned 
out in any of the methods descril)ed for the primary, (m pages 
64 to 68. 

The six belt (per pair of poles) drum windings are obvi(msly 
the best. The objection to the three belt winding is similar to 
that explained in connection with its use as primary^ ; namely, 
there is a large part of the time when some of the conductors 
of a belt are cutting the flux fnmi one pole and the remainder 
cutting the reversed flux ; also since the cun-ent must be in the 
same direction in all parts of a belt at any instiuit, some of this 
current is reacting on one flux and the remainder on the 
reversed flux. 

This differential action hi e. m. f. generation as well as m 
torque production is greater the greater the span (in electrical 
degi-ees) of a single belt. It is present in a six-belt winding to 
the extent of about o% loss, but is entirely absent in the 
sijuirrel cage and where the winding is made up of independent 
sets of similars. 

Fig. 18 shows a modem induction motor in various stiiges 
of construction. The primaiy has a three-phase lap winding 
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of fonn-woiind coils in rectangular open slots, and the second- 
ary a squirrel cage, made up of rectangular bai-s in partly closed 
slots and bolted to broad end rings with large radiating surface. 

{To he continued.) 



Cast-iron housing. l*i-iniary ready for windinjr. 



Primary completely wonn<i. 



Secondary core. Secondary complete. 

Fi(/ure IS. 



GooQle 
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Gilbert Simerall Meem, A. H. '02. 

It is with great regret that we announce the death of Mr. 
Gilbert Simerall Meeni, Jr. '02, of Seattle, Washington. He 
was editor-in-chief of the Journal in 1902 and, having been 
elected last spring president of the Harvard Engineering Society 
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he was associated with the retiring 1903 Board as an ex-offida 
member. 

Mr. Meem received the degree of A. B. in 1902, and the 
following year he took courses mider the Division of Engineer- 
ing, hoping to take the Electrical Engineering degi*ee this year. 
Last summer, however, he entered the employ of Stone & 
Webster of Boston in the electrical department of one of their 
stations at Tacoma, Washington. This work was so much to 
his liking that he later accepted a position with the Seattle 
Electric Company. He intended to continue at this practical 
work for a year, and then return to Harvard to finish his course. 
While thus engaged at Seattle he was suddenly taken ill with 
symptoms of ptomaine poisoning which, in a few days, devel- 
oped into appendicitis from which, after a fruitless operation 
was made to save him, he died on January 28 of this year. 

The Journal owes much to Mr. Meem. During the year he 
was editor-in-chief, he led . in no uncertain way in establishing 
its pennanency, and by his foresight and executive ability set 
higher standards, than had been before attained. 



Oradttate Notes. 



R. I. Wilby, '01, is assisfcuit engineer with the P. R. R. 

Chicago. 
H. S. Pollard, '02, is a special apprentice m the Motive Power 

Department of the C. B. & Q. R. R. 
M. Bartlett, '00, is with the C. B. & Q. R. R. Freight Depai-t- 

ment, Chicago. 
J. H. Libbey, '98, is mechanical engineer of Boston & Northern 

and Old Colony Street Railway Companies. 

ArcKitectural Notes* 

In order that it may represent freedom in the circulation of 
ideas on architectural subjects, the Journal invites communica- 
tions on teclniical and aesthetic mattei-s. The magazine will be 
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glad to publish such of these as seem of enough uiterest, but 
will not hold itself responsible for any idetis which may be 
expressed. 

There is for instiuice a difference of opinion as suggested in 
the article in this number, with regard to the importance to be 
given to the study of the orders. There are differences regard- 
ing the qualities of fire proofing material used in buikUng, the 
question of propriety of using the modem French style to 
express the conditions of life in New York City, the que^^ition 
of the ethics of architectural competition, or the discussion as 
to whether architect's ideas should be presented by drawings or 
models or both. Then as to the comparative impoitance of 
English and French (iothic architecture for histance. These 
and many more such interesting matters invite discussion which 
is always stimulating and which, if carried far enough, always 
gives some sjitisfaction if not the exact truth. That something 
of this life may find its way into the pages of the JoriiNAL 
is earnestly hoped for by the editons. 

In order to distinguish graduates in Architecture in the 
University from those in the academic department, who have 
perhaps taken some courses in architectural history or design 
but not completed the full course, the letter A will be used 
after the names of those men who have taken tlie degree in 
ai'chitecture. 

L. P. Bumham, '02, A, the holder of the Nelson Kobinson Jr. 
Travelling Fellowship hi Architecture for 1903-04 is at 
present in Home, as is also E. T. Putnam, '01, who was 
a student in the Department of Architecture during 
1901-'03. 
E. T. P. Graham, '00, A, the holder of the Travelling Fellow- 
ship in 1901-02, who has been in independent practice 
during the past half year has, with (i. S. li. McLean '00, 
A, prepared plans for an impoi-tant building near HaiTard 
Square. 
G. S. Parker, '00, A, who has recently returned from Paiis, is 
in the oflice of C. A. Piatt in New Y(n*k who is doing so 
much to develop and domesticate the fine old (ieoi'gian 
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style ill this country, in connection with its natural adjunct 
the formal garden. 
Of those men who have studied for longer or shoiter periods 
hi the Department of Architecture, the following are now in 
Paris: F. B. Hoffman, '03, R. P. liellows, '99, and (1. G. Hub- 
bard, '99. C. F. (lould, '98, after five yeai"8 at the Ecole des 
Beaux Arts is now in the office of Messrs. McKim, Mead and 
White hi New York City. 

Edward B. Lee, '00, A, holder of the Travelling Fellowship for 
1902-03, has nearly completed his work at the Ecole hi 
Paris and expects to return to this country in May. 
Mr. Emil Lorch, A.M. '03, who was assistant in architecture in 
the Department last year, is Assistant Professor of Archi- 
tecture in the Drexel Institute in Philadelphia. 
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ORiaiN OF THE HARVARD STADIUM. 

By I. N. HoLLis, Professor of Engineering, Harvard University. 

The development of Soldiers Field was held back for many 
years by the old wooden bleachers. Nothing final in the way of 
grading and filling the marsh could be accomplished so long as 
they remained, and the Athletic Association became an object of 
criticism for allowing them to remain. The President in one of 
his reports remarked that the groxmds could not be made beauti- 
ful so long as those squalid banks of seats were permitted to 
deface them. A public duty rested upon Harvard to make the 
playground as attractive as possible, especially as it formed a 
natural part of the grea£ Metropolitan Park System. It will 
eventually be connected with Boston and the suburban districts 
by the Charles River boulevard, and when the dam is com- 
pleted, it will become one of the principal features of the great 
fresh water basin reached by pleasure craft of all kinds. 

It was, however, not so much the unsightlmess of the wooden 
seats which formed the objection to them, as the yearly problem 
of safety. The seats were of wood, and therefore more or less 
dangerous to life with the great crowds coming to the games. 
The risk of fire was always present, as was demonstrated last 
spring in the burning of the seats behind the back-stop of the 
baseball field. There, a grand stand loaded with thousands of 
spectators took fire and burned to the ground before the fire 
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engines could reach the Field. Fortunately, the people were got- 
ten out of the seats into the open space of the diamond without 
injury. A panic was narrowly averted by the presence of mind 
of aji usher, who forcibly restrained one of the spectators from 
spreading the alann of fire. One has only to imagine what 
might have happened in case the field had been entirely enclosed, 
as the giidiron is, and the spectators had numbered 30,000 or 
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40,000 to realize the serious risk in seating people upon great 
piles of dry lumber where smoking is permitted. 

The Harvard Athletic Association has for many years mini- 
mized the danger as much as possible at all the large games by 
having firemen, and in some cases a fire engine, on hand to deal 
promptly with an incipient blaze. U'here have been half a dozen 
which might have developed into serious fires. It is not com- 
monly known that the earlier amphitheatres built by the Romans 
were of wood, and that these were often destroyed by fire. The 
largest, that at Placentia, was bunieil. According to the 
*' Encyclopaedia Britannica," a wooden amphitheatre erected at 
Fidenae in the time of Tiberius gave way under a great crowd, 
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and 50,000 people were killed or injured. A number of such 
disasters, combined with the probable scarcity of timber, led 
imdoubtedly to the substitution of stone, brick, and cement for 
less enduring materials. 

The second danger from wooden seats, that of collapse, springs 
from the nature of fastenmgs, which often lead to imexpected 
failures. The wood naturally decays around iron nails, and the 
decay is likely to be hidden. Added to which, in many tempo- 
rary stands, there is a strong temptation to scant the materials. 
Parts of several grand stands have collapsed within a few years, 
notably (me in Scotland, where a crowd of spectators were watch- 
ing a football game. With proper inspection, the risk of break- 
down is not great ; at the same time, timber decays rapidly and 
constant vigilance is necessary to prevent accident. 

Another important considenition in connection with the Har- 
vard bleachers might be discovered in the Graduate Manager's 
annual reports ; that is, the great cost of maintenance of wooden 
bleachers. The yearly outlay for repairs amoimted to not less 
than $1000. Wooden seats as ordinarily constructed are good 
only for about ten years, after which careful inspection is im- 
practicable without taking down parts of the structure, entailing 
inordinate expenditures for replacements. There have usually 
been on Soldiei-s Field 16,000 permanent seats. Temporary 
stiinds have been erected for great games, when there was a 
demand for them. The cost of wooden seats to last for ten years 
is about *1 per seat; in all, this amounts to $16,000 for the Sol- 
diers Field bleachers. The interest and repairs, including a 
yearly sinking fund for replacement, amounts thus to about 
#3500. The temporaiy seats, which can usually be put up and 
taken down in a few days, cost on the average 54 cents a seat. 
Taking into account 19,000 temporary seats for the Harvard- 
Yale game every second year, we must add to the above interest 
and repaii-s another sum equal to #4630. The total annual 
outlay for wooden seats thus mounts up to #8000, which is the 
interest on $200,000 capital. This has formed one of the great 
drains upon gate money, and has led to a feeling that the yearly 
expenses ought to be lessened in some way, even though the 
first cost was large. 



Digitized by 



Google 



Digitized by 



Google 



ORIGIN OF HARVARD STADIUM 



97 



In the discussion of the stands for athlectie purposes, the minds 
of many good friends of the University have been made imeasy at 
the thought of giving outdoor sports a more permanent form and 
one which seemed to offer to the public an annual spectacle out of 
proportion to their importance in a great seat of learning. This 
thought springs mainly from the annual football game, and many 
have lost sight of the fact that rowing is more open to the public 
than football. It demands much more time in preparation and 
the races have to be rowed in localities where every one can see 
them. The football games are attended so largely by the colleges 
whose teams are on the field that the general public forms only 
a small percentage of the spectators. During the past fall there 
were undoubtedly seats to be had from speculators and from 
ticket agents before the Harvard-Yale game, but when we con- 
sider that upwards of il 2,000 was sent back to graduates and 
students whose applications could not be filled, we have a right 
to say that there was no public sale, and that the game could 
not be regarded as a public spectacle, open to those outside of 
the University. It is more in the nature of a contest intended 
to bring together at least once a year the friends of the imiver- 
sities whose teams are on the field. On the other hand it has 
been claimed by the believers in athletic sports and in intercol- 
legiate contests, that they ought to be placed on a recognized 
and permanent basis, as the only method of controllmg them 
properly. That there is a basis for this claim is shown in the 
gradual improvement of the sports as committees have obtained 
effective supei'vision of them. 

There is much to be said on this general question, but the Har- 
vard Athletic Association was in the face of a question which 
had to be decided, — What was to be done about the old bleach- 
ers ? The decision to replace them by something fireproof, safe, 
and sightly, seems entirely justified. This is naturally part of 
the development of Soldiei-s Field. The acceptance of Soldiers 
Field twelve years ago implied a willingness on the part of the 
Corporation and the Faculty to put athletic sports upon a per- 
manent basis and to give every student an opportunity to spend 
part of his time at college in outdoor games. 
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Many of the graduates will doubtless remember a very' attract- 
ive perspective of the Field and of the improvements proposed 
by Messrs. Peabody & Steams. The original drawing has been 
hanging in the Locker Building for many years. It contains the 
first suggestion of a stadium and of seats of a permanent form. 
The main reason why it was not carried out was that it required 
the placing of the gridiron, the track, and the diamond on the 
same central axis. There was not room on the Field for this, as 
it was thought to limit the out-field for baseball. Added to this 
objection, the subsequent building of the driveway conti'acted the 
space still more, and made it necessary to have a complete new 
plan of the Field. To the end of having something to work 
towards in the future development of the Field, Mr. F. L. Olm- 
sted prepared several studies of the problem, and finally one was 
adopted that seemed eminently satisfactory. From this all new 
buildings are to be located, and from it the Stadium was laid out. 

Our first experience with permanent seats was on Holmes 
Field, where several large ste.el bleachers were erected in the 
spring of 1891, made to hold several thousand people. They 
were subsequently moved to Soldiers Field, where they now 
stand, forming the seats for baseball. On them the seats proper 
are made of wood, supported by steel columns and trusses. 
They have been useful and safe, but the cost of maintenance 
has been unduly great, chargeable mainly to paint for the metal 
parts. At the end of seven years the wood is beginning to 
require renewal, and within a few years a large sum must be 
expended on them for repairs. 

After it was decided to make the new stands fireproof, the 
nature of the materials was practically settled by the cost of 
construction. No other material but concrete with a small 
amount of steel could have been chosen for the means at the 
disposal of the Association. Stone and brick could not be 
considered. It was well understood that the use of concrete 
for out-of-door work in a New England climate was experi- 
mental, although this material has been extensively used else- 
where, in Europe and in the United States. Throughout the 
West nothing is thought of putting up buildings and bridges of 
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concrete, and experience has seemed to demonstrate its strength 
and durability. 

As a method of testing the concrete effectively, and also for 
cheapness, the Soldiers Field fence was constructed a number of 
years ago almost entirely of concrete. The posts and beams 
were put in place by ordinary laborers, and the surfaces were 
subsequently picked to destroy the marks of the molds. There 
are about 6300 feet of this fence, and the frost has not seemed 



EAST WING DURING THE DARTMOUTH GAME, 
NOV. 14, 1903. 

to affect it more than ordinary masonry would be affected by 
winter weather. This test, lasting over a series of years, while 
not finally conclusive as to the effect of time upon concrete, 
gave good reason to suppose that if well designed and con- 
structed it would be amply able to withstand the New England 
winters. It is quite equal to many of the common building 
stones. 
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Another series of tests was undertaken in the laboratoiy by 
easting a dozen beams in the shape of the seat slabs and then 
breaking them in the large testing machine. The results were 
instructive and valuable, and assisted materially towards deciding 
for concrete as the principal material for the Stadium. It is 
sometimes erroneously supposed that concrete is not reliable. 
While it does vary in strength, there is no reason why it should 
not answer for all purposes even better than limestone. The 
metliod of handling the ingredients and the care taken in mixing 
them has all to do with the results, if the cement is of good qual- 
ity. For the Stadium, Portland cement only was used, and the 
proportions of the materials were : one part of cement, three 
parts of sand, and five to six parts of broken stone, principally 
Roxbury pudding stone. The method of building consisted of 
putting up wooden molds, into which the concrete was poured. 
Every column and beam and all the walls had twisted steel rods 
imbedded in them, as a means of preventing cracks due to shrink- 
age. The removal of the wooden molds lias in all cases left a 
perfect copy of the wood, and further treatment of the outside is 
made necessary to remove all evidence of joints and cracks as 
well as the grain of the wood. The seats were cast separately 
and were put in place upon steel girders, just as stone would 
be laid. They were really artificial stone, with steel netting 
imbedded in them to prevent cracks. 

The design of the Stadium was begun several years ago by 
Prof. ]>. J. Johnson, upon lines laid down by the Athletic Asso- 
ciation. A number of careful studies of steel supports and of 
the arrangement of entrances and seats were prepared in order 
to decide upon the most economical plan of building. The aim 
at first was to reproduce the steel stands built upon Holmes 
Field, substituting only concrete slabs for the planks used in the 
seats and treads. The plans went so far as to obtain prices on 
the steel work, but were abandoned finally in favor of a design 
which consisted almost entirely of concrete. The first cost of 
buildhig in steel would have been less than in concrete, but the 
annual cost of maintenance would have been considerably greater. 
The difference of first cost was not great enough to justify a 
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steel structure. It was decided to have all supporting parts, 
such as walls, columns, floors, and arches, of concrete, while all 
inclined trusses, forming the immediate support of the seats, 
should be of steel. This seemed on the whole the best arrange- 
ment, as the steel underneath the seats would be fairly protected 
from the weather. 

After the engineeiing details had been worked out, tlie wliole 
was submitted to Mr. C. F. McKim for criticism and modifica- 
tion, and drawings were made under his direction by Mr. Geoi-ge 
B. de Gersdorff. These related to the general appearance of the 
structure and served to convert the design from one whose engi- 
neering features were ample to guarantee strength, into one 
pleasing to the eye. The working drawings were subsequently 
completed on Soldiers Field by Prof. L. J. Johnson, with Mr. 
J. R. Worcester as consulting engineer, but Mr. de Gersdorff's 
outlines were carefully followed. The seating arrangement was 
studied out with a view to keeping the spectators oflf the field, 
and also to give everyone an equally good view of the track and 
gridiron. To this end, the stairways led up from the rear 
through openings, and the seats were placed on three different 
slopes with the steepest at the top. The adoption of a single 
curved end with two straight sides, followuig the Greek plan, 
was made necessary by the track with its 220-yard straight- 
away. It is not intended here to give a full description of the 
Stadium, as the photographs serve to make that plain. How- 
ever, it seems well to state some of the leading features. The 
dimensions are 676 feet by 420 feet, enclosing a field whose 
over-all dimensions are 481 feet by 230 feet. 

The distance between the front parapets is thus 230 feet. 
The "two promenades in the rear are placed one above the level 
of the upper seat, and the other about midway between that and 
the ground. They are intended to be main arteries for leavmg 
the seats after a great game, and they will be much used during 
the intervals between the parts of a game for the recreation of 
spectators. There will be over the upper promenade a roof, 
open towards the field and closed except for a few small win- 
dows towards the outside view. 
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Many questions have been asked about the actual seating 
capacity of the Stadium, and much misinformation on the sub- 
ject has been circulated by the newspapers. The structure is 
divided into 37 sections : each section has 31 rows of seats ; on 
the straight sides 20 or 21 persons can be placed in each row, on 
the curved end the number varies from 14 up to 26. The seatr 
ing capacity, therefore, of that part on which stone seats are 
placed is either 21,000 or 23,000, dependent upon the way people 
are arranged. At the Yale game there were about 23,400 on 
the stone seats. It is possible, by the addition of some small 
temporary wooden seats on the top promenade and in front of the 
lower parapet wall to increase the number of spectators within 
the structure to 35,000. In case there are temporary seats across 
the- open end, the number accommodated can be brought up to 
nearly 40,000. There were in all 38,300 at the Yale game ; 
besides these there were others on the side lines and about the 
ends. 

A number of uses have been suggested for the space beneath 
the seats. Ultimately, dressing-rooms may be added, and numer- 
ous handball courts could be built. The first addition will prob- 
ably be a rifle range, as 130 yards can be found entirely free from 
obstruction and located in such a way that by no possible chance 
could a passer-by be injured. The present use of the grounds 
will be for football, the track sports, and for lacrosse. It was 
not possible to place the diamond on the field on account of the 
track. Those who recall the diamond as it was on Holmes Field 
will understand the danger to a runner who is trying to look at 
a ball and at the pole of a track. Besides this, it was not neces- 
sary to have all the fields in one place. There is plenty of room 
for all the sports on Soldiers Field without unnecessary crowd- 
ing. 

The work was begim on June 22 by the removal of the old 
baseball stands. The foundations were dug early in July, and 
that part of the columns above groimd began to appear on July 
28. It was necessary to push the work rapidly in order to be 
able to use the seats for the last games of the fall season. This 
was accomplished, although the structure was not completed. 
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The estimate of the entire amount of concrete necessary to 
make the Stadium architecturally complete was 260,000 cubic 
feet. By Nov. 15, 200,000 cubic feet were in place, thus 
leaving about one fiftli to be laid in the spring. 

The decision to build duiing the past summer was hastened 
by the condition of the old bleachers, which were looked upon 
as under suspicion. It was a question of only a year before 
they would have to be torn down and replaced under any 
circumstances. Furthermore, it was hoped that part of the 
money going into temporary seats to provide for the large num- 
ber of spectators at the Yale game could be saved. 

The Athletic Association had been savmg money for years to 
replace the wooden stands, and there was $75,000 in the 
treasury last spring. It was known that this fall would bring 
that up to 1100,000, nearly half enough, according to the esti- 
mate, to build the stands. The Class of '79 stepped in at an 
opportune moment and by a gift of $100,000 not only enabled 
the Association to begin work at once, but to begin work upon 
a plan architecturally good. As the work progressed, it was 
very soon discovered that the estimates were low, in part due to 
the fact that they had been based upon a smaller amount of 
cement and concrete than was actually used, and in part the 
deficiency was due, also, to a real improvement in the design, 
by Mr. de GersdorfP and Prof. Johnson. The exact additional 
amount required to complete the structure is not now known, 
but it is hoped that it may not much exceed $50,000. This has 
been obtained on a guarantee loan, to be paid from year to year 
by the Athletic Association. 

The method of doing the work was somewhat unusual, as on 
account of its character contractors could not bid without 
adding a large margin to their estimates to provide for unex- 
pected contingencies. As finally arranged, the work was done 
by the Aberthaw Construction Company, who carried out the 
plans of the Athletic Association under Prof. Johnson's super- 
vision, and also acted as agent for the Association in the pro- 
curement of materials and labor. The money for the work and 
materials was paid over weekly by the Treasurer of Harvard 
College, in whose custody it had been originally placed. 
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Before deciding definitely upon the location of the stadium 
the Athletic Association had purchased two pieces of property 
on the south side of the Field, thus surrounding it entirely by 
streets and public reservations. The future development ought 
to be carried out upon attractive and wise lines. Every year 
the gate money should pay for some permanent improvement, 
which should follow a definite policy. Thus, in ten or fifteen 
years. Soldier's Field will become one of the most attractive 
parts of the University and of this region. 



Digitized by 



Google 



DESIGN OF HARVARD STADIUM 



109 



MATERIALS AND DESIGN OF THE HARVARD 

STADIUM.' 

By Lewis J. Johnson, Asst. Professob of Civil Enoimeebino, 
Harvard University. 

The Stadium is a masonry structure of an unusual character. 
It- is unusual not only in its purpose and general outlines, but 
in the nature of the material of which it is constructed. 
This material, steel-eoncrete, calls for correspondingly novel 
treatment in its design. The character and methods of the 
design being so largely dependent upon the material, it is desir- 
able to begin by explaining what is meant by steel-concrete, and 
comparing it with the more familiar forms of masonry. 

Masonry is used in the Stadium as elsewhere in order to gain 
permanence and beauty. In the Stadium, as is usual in masonry 
buildings, certain parts intimately connected with the floor sys- 
tem are of steel. 

The familiar forms of masonry — stone, brick, or terra cotta — 
consist of more or less accurately shaped blocks carefully laid 
in place one at a time, the joints being filled with mortar, every 
individual block and joint receiving the close attention of a 
skilled workman. 

Concrete, the type of masonry used in the Stadium, consists 
of an immense number of stone blocks of small and varying 
sizes incorporated into a solid mass, by mixing them with the 
requisite amount of mortar. This mass is dumped, a wheel- 
barrow load or more at a time, into moulds, where it solidifies 
into masses of any desired form. This form may be a bridge 
abutment, or pier, an arch for a railway bridge, or a wall, girder 

^ This article is to a large extent taken from a paper presented by the writer 
to the Boston Society of Civil Engineers, Dec. 8, 1903. and printed in full in 
the Journal of the Association of Engineering Societies for June, 1904. Many 
of the cuts and all the working drawings here shown were made available to 
this Journal through the courtesy of the Association of Engineering Societies. 
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or parapet. The only skilled labor required is in the construc- 
tion of the moulds. No more attention is given to the prepara- 
tion of the stone than is given to preparing stone for use in 
macadamizing a road. In fact, stone in shape for one of these 
purposes would be equally acceptable for the other — though 
the kind of stone best adapted for one may not be the one 
best for the other. 

The mortar in concrete is composed of hydiaulic cement (for 
important work above ground, usually of the grade known as 
Portland cement) and sand. The mortar may be made and 
mixed with the stone by the same operation. The proper pro- 
porticms of dry cement, dry sand and broken stone are commonly 
dumped uito tlie mixer; water is added, and the whole mass 
turned over and over, becoming moistened and mixed at the 
same time. On being dumped from the mixer, it is ready to be 
wheeled to the moulds. 

In a word, all masonry is a mass of stone, bricks or terra cotta 
made into the desired shape with the voids and joints filled with 
mortar. In ordinary masoniy, the joints are filled one at a time, 
in concrete a much larger number of voids are filled — but mant/ 
at a time by the operations of merely mixing and stowmg. 

Fiist class concrete is rated by engineers as safe under loads 
which would be entrusted to no other grade of masonry save the 
best limestone and granite ashlar. Moreover its hardening is a 
process which goes on indefinitely, so that for several years at 
least the older it is the stronger it is. 

None of these classes of masonry is suitable for use where it 
will be subject to bending. Neither brick nor stone masonry 
can be made to resist bending to any great extent. Stone lintels 
may span small openings, but if the opening is one of any mag- 
nitude, the arch must be resorted to. Concrete, however, from 
its mode of preparation can be made to include steel bars of any 
amount and in any location where it may be needed to prevent 
cracking — whether the cracking be due to bending, as on the 
under side of a beam, or to shrinkage in setting, or from cold 
weather. Steel is effective in this way by virtue of the adhesion 
of the Portland cement. The resistance of the rod to slipping 
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may be heightened by various devices,"^ such as twisting, in the 
case of a square rod, so that each of the four edges forms a 
spiral, or providing transverse ridges upon the surface of the 
rod. Concrete thus reinforced is designated by many names, 
among which are steel-concrete, reinforced concrete, and ferro- 
concrete. It proves a suitable material even in very Kght and 
thin sections for floors, beams, columns, girders, walls, chimneys, 
tanks, standpipes, bridges, and for almost any permanent struc- 
tures which have hitherto been made of wood, stone, brick, or 
steel. 

Its advantages he in its low first cost, durability, non-inflam- 
mability, speed of construction, wide-spread source of supply 
for all the materials, and applicability to almost all forms of 
structures. It combines many of the good points of common 
masonry and of steel construction, and is free from some of 
the important disadvantages of both. The design from an 
engineering point of view is by no means a simple problem. 

Of course like other construction work, constant and close 
inspection is necessary, — to see that the materials are properly 
selected, that the concrete is coiTCctly proportioned and mixed, 
and that the steel is put in and in the proper places. 

The cost per cubic yard is not specially low as compared with 
stone or brick, but its economy Kes in the very thin sections 
possible and satisfactory — the end walls of the Stadium, for 
example, being in the main only four inches thick, stiffened at 
intervals by vertical concrete ribs. 

The concrete itself may, with suitable choice of the stone, be 
of a very pleasing color. Its appearance depends upon the 
treatment of the surface. It is apt to be unsightly, both in 
color and texture, when the moulds are taken off and how it is 
best to remedy this is still a matter of study. Pickmg, washing, 
blushing, possibly sand-blasting, may be used to get down to 
the body of the concrete. 

Steel as a reinforcing metal combines the advantage of having 
a high degree of tensile strength and almost exactly the same 
rate of expansion and contraction from temperature changes as 
concrete — therefore no breaking of the bond between the steel 
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and the concrete need be feared from this source. Fortunately, 
also, the concrete in which the steel is bedded protects the steel 
entirely from rust. 

In the Stadiimi will be found examples of steel-concrete 
foundations, columns, girders, stairs, floors, walls, parapets, etc. 
It might have been made entirely of steel-concrete, but the 
expense would doubtless have been greater and the length of 
time required for construction very gi-eatly increased. 

Ever smce the erection of the small steel grandstands in 
1897 — the ones now used on the baseball field — the feasibility 
of erecting similar but much larger ones has been a subject of 
study. It was seen that the large amount of steel work exposed 
to the weather would be a constant source of expense for 
painting and moreover, its appearance could hardly be made 
acceptable. The only satisfactory seatiiig mcrface for such a 
structure from the point of view of fireproofing and permanence 
was obviously some form of steel-concrete. So much of the 
structure having to be concrete anyway, it was decided to go 
further and use steel-concrete for the great bulk of the work, — 
using steel beams and trusses only where they would be under 
cover and invisible from the exterior. 

The Stadium is, accordingly, a steel-concrete and steel grand- 
stand, U-shaped in plan, affording seats for some 23,000 
spectators. It consists essentially of five parallel rows of 
steel-concrete girders, columns and piers, with their foundar 
tions, extending around the U from tip to tip, and supporting 
a system of steel beams and trusses crossing them transversely 
(Figs. 1-5 and PI. 1), which in turn support lines of steel- 
concrete slabs ruimmg around the U and fomimg the seating 
surface. The rows of steel-concrete work are designated by 
the letters A, B, C\ I) and E, counting from the interior out> 
ward. Fig. 5 shows the four inside rows on the curve, rows 
A and I) not yet stripped. Row A, besides supporting ends of 
steel beams, uicludes the front parapet, a wall about eight feet 
in height and continuous around the U. Rows B and C support 
only steel work ; row I) suppoits the outer ends of the steel 
work and shares with row E the suppoii: of two steel-concrete 
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promenades or galleries abjiit twenty feet in width at levels of 
25 and 50 feet above the ground and running from tip to tip of 
the Stadium. Row E (Fig. 6 and PI. Vb) is a line of hollow 
piers separated by two stories of arched openings, and to carry 
a wall at the third story which will support the outer edge of 
the roof of the upper promenade, whose inner edge is to rest on 
a colonnade supported by row I) (PI. I). The openmgs of the 
lower of the two arcades of row E afford access to the stair- 
ways to the seatmg surface, and the openings of the upper 
arcade afford outlooks from the promenade behind them. 
^ The steel-concrete work includes, besides all the columns, 
piers, main girders, floors and the seating surface above men- 
tioned, the outside and end walls, staircases and all parapets 
and railings. The foundations are all of concrete, some rein- 
forced, some plain. All parts exposed du'ectly to the weather 
are of steel-concrete. 

The developed length of the U at the outside row is 1390 
feet, and the uniform width across from front to back of the 
wings of the U is 95 feet. The area actually under cover is 
some 120,000 square feet, about 40 per cent, of which is 
devoted to the semicircular end, and the rest to the two straight 
wings. The lowest seat is about 7 feet and the highest about 
50 feet above finished grade. The number of rows of seats is 
31. 

The over-all length of the Stadium is 576 feet, and the width 
is 420 feet, both exclusive of some small towers to stand at each 
tip of the U and a flight of two or three steps to extend the 
whole length of the outside. The highest pai*t of the struc- 
ture now finished is about 53 feet above the ground, but the 
addition of the covermg for the upper promenade will make the 
final height 72 feet. 

Most of the concrete work was cast in place in wooden forms 
in the ordinaiy way, but the slabs of which the seating surface is 
composed were of a special mixture and were cast in sand molds 
upon the ground in units weighing about 1200 poiuids each, 
and after hardening were hoisted into place and set upon the 
support.s which were meanwhile being prepared for them. The 
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concrete cast in the wooden forms is to be picked so as to 
remove the board marks, while the seat slabs have a satisfactory- 
surface given by the sand mold. The steel reinforcement in 
all the concrete consisted of Ransome cold-twisted square steel 
bars (ranging in size from quarter-inch to inch), supplemented 
in the seat slabs with a special wire netting with rectangular 
meshes, electrically welded at the jomts. 

Three grand divisions of the work went on simultaneously — 
the casting of the standing concrete (work going on on both 
wings at once), the manufacture of the structural steel work 
and of the concrete slabs. The results of these three operations 
weie assembled by the setting of the steel work and the slabs. 
Fig. 7 shows the setting of the structural steel and the seat- 
slabs closely following the completion of the rows of standing 
concrete. 

The foundations are of the simplest character, as borings 
showed only hard gravel and clay to a depth of at least 40 feet 
They are mere concrete or steel-concrete blocks laid on the nat- 
ural ground just below frost so proportioned as to keep the max- 
imum pressure on the gi*ound from exceeding 7000 pounds per 
square foot. 

The methods and principles followed in the design of the 
remainder of the concrete work may conveniently be taken up 
under three geneml heads, viz. : 

(1) Columns. 

(2) Girders. 

(3) Walls and parapets. 

Columns. 

Although all the columns contain twisted rods in the form of 
verticals at the comers, with or without horizontal hoops at 
close intei-vals, this steel was not counted on as furnishing com- 
pressive resistance. Its utility was conceived to lie in with- 
standing any slight flexure that might come upon the columns 
from lateral forces due to teraperatui-e changes or other causes. 
This reinforcement consisted of three-eighths and half-inch rods, 
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depending on the size of the column, one such rod being placed 
near each comer of the column. In order to guard against the 
risk of such slender rods buckling when too near the surface, 
square hoops of quarter-inch rods encompass them in horizontal 
planes at intervals, keeping their free or unsupported lengths 
within reasonable limits. See PL II-IV. 

Beyond the r51e thus assigned to the steel in the columns, it 
seems highly probable that, in the case of a severe overload, this 
steel would furnish a considerable element of protection against 
the failure by shearing on planes of about 66 degrees to the 
horizon characteristic of prisms of materials like plain concrete. 

The columns proper range in size from 14 x 14 inches to 24 
X 33 inches. Besides these, and designed in the same general 
way, with comer vertical rods and horizontal hoops, except that 
they are hollow, are the piers showing in the outside wall and 
already mentioned, which are externally 66 x 36 inches, the 
walls along the 66-inch side being 4 inches thick and the other 
two 6 to 8 inches thick, the 8 and 6-inch ends being counted on 
as furnishing the whole compressive strength. 

The cross-sections of the columns were determined by apply- 
ing an allowable compressive stress of 360 to 400 pounds per 
square inch to the maximum combined live and dead load, 
increasing the results thus obtained whenever necessary to keep 
the ratio of the length to least side of column down to about 
twelve, or to give round numbers for dimensions of the section. 
The structural steel work and concrete girders and struts were 
arranged to aid in keeping down the ratio of length to least 
side 

Girders. 

The sizes of the girders were determined by the use of princi- 
ples worked out in France and confirmed in this country. The 
sizes chosen are somewhat larger than would be taken by some 
practitioners, but the matter was realized to be one on which 
engineering science had not yet reached a final position and of 
the two a conservative policy Vas the one to be preferred. 



Digitized by 



Google 



122 



HARVARD ENGINEERING JOURNAL 



The steel reinforcement in the girders consisted of horizontal 
rods running the whole length of the girders and close to their 
lower face. In addition to this there was a system of reinforce- 
ment composed of series of smaller rods in a vertical position 
spaced at intervals along the girder to prevent cracks beginning 
at the lower face and running diagonally upward toward the 
center of the span. These rods were bent so as to pass entu'ely 
under the horizontal rods and theu' upper ends were hooked as 
a special precaution against slipping through the concrete. 

The relation between the amount of steel in the horizontal 
system to the wliole cross-section of the girder is of much import- 
ance. The larger the percentage of steel in the girder the lower 
will fall the neutral axis, or in other words the larger the portion 
of the girder section made effective to resist compression. A 
girder may be designed so as to fail either by the rupture of the 
steel rods on the underside or by crushing the concrete on the 
upper side, or by diagonal cracking. The first arises, of course, 
from a low percentage of steel, and the resulting failure is com- 
plete and comparatively sudden. With steel enough present so 
that the concrete will fail first the failure is far more gradual, 
and it may happen that a girder badly shattered may still be 
capable of carrying a large load. The abuse which a concrete 
girder with a fair proportion of steel will stand, and the wammg 
which it will give before utter collapse and dropping its load, 
is one of the properties of steel-concrete not always realized. 
Fig. 8 shows a slab similar in design to the seat slabs, but with 
the concrete entirely severed through the tread and up the riser, 
carrying as many men as could conveniently stand on it by vir- 
tue of the steel remforcement alone. 

The writer is mclined to avoid low steel percentages for the 
additional reason that they are generally uneconomical. Never- 
theless circumstances may arise where sizes of beams or slabs 
acting as beams may be determined by considerations of rigidity 
or of provision agamst abrasion. In such cases a low percentage 
of steel may properly be used, always with the understanding 
that the safe load is then to be based on the comparatively low 
strength of the steel. 
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The girders in the Stadium ranged in size from 16 x 47 in. to 
24 X 60 in. (PL I-IV). They were of course usually straight, 
but in row D on the curve all the girdei*s were made to confonn 
to the semicircle. The objectionable effect of this curvature on 
the stability was partly counteracted by giving the girders in 
this part of the work overhanging ends carrying in the interven- 
ing spaces suspended spans. This made a series of cantilever 
girders (PI. Ill, IV). An additional advantage of this canti- 
lever system was that it distributed the loads so as to make it 
possible to keep the girders in Row D of the same size on the 



FIG. 8. — STEEL-CONCRETE 8LAB BAI>LY DAMAGED Bl'T STILL CARRYING 

HEAVY LOAD. 

curve as on the straight wings, in spite of the fact that the spans 
were greater. This is believed to be a matter of much miport- 
ance from the point of view of good appearance. 

The ends of cantilevers and of suspended spans being critical 
points subject to very severe shear, were stepped so as to reduce 
the effective concrete area as little as possible and annored with 
special care. The stirrups, used here were of special construc- 
tion, placed in an inclined position, and were designed to resist 
the whole shear without aid from the concrete. 
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The cantilever ends tend to act as joints, at which the shrink- 
age stresses are relieved. The first suspended span to be built 
shortened in hardening and slipped on the treads of one of the 
stepped ends so as to show a crack throughout the extent of the 
risers of the joint, and in slipping spalled the comers of the step 
slightly. After this four 1-inch rods were put in at mid-height 
of the girder and lengthwise with it, crossing the joint and 
extending into both the cantilever end and suspended span far 
enough to develop the strength of the rods with a view to pre- 
vent this slipping, and, so far as seen, the result has been a suc- 
cess. Shrinkage joints are thus kept about 115 feet apart in 
this line. At the ends of these intervals are opportunities for 
shrinkage to take place harmlessly. Besides using the rods, the 
steps were finished off with a troweled surface truly level, so 
as to leave things in shape for a harmless slip should the rods 
prove ineffective. It was at one time planned to use two quar- 
ter-inch steel plates lubricated with graphite at each of these 
treads to facilitate sliding and to prevent spalling, but it did 
not finally seem necessary to go to such a length. 

These lines of cantilever girders were subject to a very com- 
plex set of loads and were much cut up by promenade floor 
beams and passageways for stairs, so that they were the most 
troublesome of the girders to detail. The girders hi row C, on 
the curve (PI. II), were all straight — a series of chords — but 
support the ends of trusses and are hence much larger than the 
girders of the same row on the tangent, theii* section being 22 
X 60 as against 16 x 47. 

The promenade floors were made of slabs of inverted trough 
section about 8 feet 3 inches wide and some 20 feet in span, 
cast alternately in place, thus providing shrinkage joints at the 
edge of every slab ; the thickness of the body of the slab is 4| 
inches, exclusive of the granolithic finish, and the flanges are 
6 X 18, making practically a 4^-inch flat floor resting on 12 x 18 
joists 8 feet 3 inches on centers and 20 feet in span. 

The seat slabs are a series of | 's set up so as to form a 

series of treads and risers (Fig. 9) and are to be classified as part 
of the girder work. They are of crusher dust concrete poured 
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at a consLstency of cream reinforced by a half-inch rod at the 
base of each riser and electrically welded steel wire netting with 
rectangular mesh furnishing straight wu-es 0.162 inches in diam- 
eter, 5 inches on centers running across the treads and up the 
risers. The wires running the other way are somewhat smaller 
and closer together. In the treads this netting furnishes the 
ordinary tensile reinforcement for the span from riser to riser, 
besides hanging one edge of the tread to the base of the riser, 
and in the risers it furnished vertical reinforcement, for the 



FIG. 9. DETAILS OF SEAT SLABS AND THEIR SUPPORTS. 

risers constituted a series of joists running from one steel beam 
to the next, the span being usually 8 feet 3 inches. 

These slabs were cast in small units of about eight cubic feet 
each to facilitate handling and to provide amply against shrink- 
age cracks. They were some 4800 in number, and, including 
those on the curves, required ninety-five different patterns, 
counting rights and lefts a^ alike, and in many cases counting 
as alike such patterns a« varied only slightly in length. On 
the semicircle they were made curved, but a constant radius was 
used for all, regardless of their distance from the center. The 
true radii would have had thirty-one different values, ranging 
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from 115 to 189 feet, but 166 feet 8 inches (1000/6) was chosen 
as a convenient mean to use for them alL 

The handling which all these slabs underwent in storing and 
placing formed an automatic system of testing which was con- 
sidered a distinct advantage of the method of manufacture. 
They were cast with one-eighth-inch allowance for end joints, 
but the sand casting proving to be a less accurate process than 
was expected, more or less picking and clipping had to be 
resorted to in setting them. An additional and probably 
more important cause for such modifications was inaccuracy in 
the setting of the structural steel. 

The treads of these slabs are an example of concrete rein- 
forced with a small percentage of steel and accordingly rated 
for strength from the point of view of the steel. This strength 
is ample almost to excess, even with this small allowance of 
steel, yet thinner sections of concrete were not seriously con- 
sidered, three and a quarter inches on the average being 
adjudged a suitable minimum from the point of view pf resist- 
ance to abrasion, shocks, etc., and the omission of the steel 
netting altogether was, of course, not seriously entertained — 
even though the concrete might, by counting on its tensUe 
strength, be figured out as strong enough. 

The design of these slabs was made in the light of tests of 
the behavior and strength of similar slabs in the laboratorj^ of 
Pierce Hall. Later a number of the slabs actually made on 
Soldiers Field were tested to destruction. Fig. 10 shows one 
of these tests with a sLab carrying 12,000 lbs. of cement in 
bags. This load caused a ci'ack and was not carried farther, 
but a considerably higher load still would have been required to 
cause complete failure. Further tests of the slabs and of the 
efficacy of their setting was made by marching a body of twelve 
men over them after they were hoisted and set in place. These 
men were collected on one slab at a time and then caused to 
jump up and down as nearly in unison as possible. This put 
upon each slab about twice as many persons as could be seated 
upon it. The jumphig was intended to bring to light what 
defects might appear from the boisterousness of the excited 
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crowds soon to occupy them. In this way several hundred 
slabs were tested in place and their behavior was entirely 
satisfactory. 

Walls and Parapets. 

The special problems in the design of walls and parapets 
which will be considered here is how best to provide for 
shrinking so as to minimize the evil of cracking from this cause 
or from temperature changes. One way is frankly to leave 
joints at short intervals free to open, using steel reinforcements 
between these joints to compel all the cracking effect to appear, 



FIG. 10. — 8TAXDAKD SEAT SLABS CARRYING 12000 LBS. OF CEMENT. 

if at all, at the jomts so left. These joints are supposed to open 
in tolerably straight, clean cracks, and are not so unsightly as 
random cracks would be, but they are unsightly enough, 
especially as it is difficult to make the cracks tuni out as 
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straight as jexpected. There is, therefore, a strong incentive to 
resort to the other method of treatment and attempt to defy the 
temperature and shrinkage changes by the aid of proper rein- 
forcement with steel. M. Considfere's experiments afford a 
rational basis for expecting success from such a venture, rein- 
forced concrete having been shown by him to be capable of 
stretching to many times the extent of that of which plain 
concrete is capable without showing cracks. Moreover at least 
one case was on record in American practice confirming the 
practicability of the method. 

In the outside wall of row E of the Stadium there was 
nothing else to do but to depend upon steel reinforcements to 
prevent shrinkage cracks. It was a place where cracks of any 
kind would be most unsightly. Expansion joints were left at 
intervals of 16J feet, as in the front parapet, but they could 
hardly be placed elsewhere than over the center of the piera, in 
spite of its being realized that the friction from the weight of 
the superimposed mass would effectively prevent all sliding, and 
thus prevent such joints from being effective. The amount of 
shrinkage to be expected in setting, or cooling to the minimum 
temperature was estimated not to exceed about .0005 to .0006 
of the length. To prevent this shrinkage was equivalent to 
stretching the concrete as the temperature fell, in order to keep 
its length constant. Investigators of this subject in France and 
in this country report that with a reinforcement of one per cent 
a stretch of .00078 or perhaps more may be endured without 
cracking. This seemed to offer sufficient -margin and as the 
two faces of the wall in question were only 4 inches thick, one 
per cent reinforcement was quite feasible — only a half inch 
rod every six mches being required — and was adopted (PI. Vb). 
Now after six to nine months' exposure, including one of the 
severest winters in many years, this wall shows only one crack, 
and that one hardly visible and not in any way threatening to 
the stability of the structure. The joints did not open at all, 
showing that the concrete between them must have actually 
stretched as expected. 

The front parapet was executed upon the principle first men- 
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tioned, shrinkage joints being left every 16^ feet, which opened 
perceptibly immediately upon the hardening of the concrete, and 
now constitute open joints sometimes a sixteenth of an inch in 
width, changing perceptibly as the temperature rises and falls. 

The experience with the back wall being reassuring, and the 
tying together of row D into continuous sections of about 115 
feet each causing no harm, it was determined to apply the same 
principle to the broad expanse of the end walls, which formed 
the finish at the tips of the U. These walls are some 75 feet 
long and from 9 to 50 feet high. They are in the mam mere 
curtain walls only 4 inches thick, supported by a series of col- 
umns with which they are monolithic (PI. Va). These walls are 
armored freely with quarter-inch rods — less care being taken 
to keep the percentage up to 1 per cent, than was observed in 
the back wall, the smaller area involved being regarded as 
justification for venturing below the 1 per cent. These walls 
have passed the winter's exposure without developing any 
cracks whatever on the exposed surface. Fig. 11 shows the 
forms for one of these end walls partly filled. 

In closmg the author begs to refer the reader interested in 
the more technical details of the girder design to the paper 
mentioned in the footnote at the beginning of this article. 
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METHODS OF CONSTRUCTION OF THE 
HARVARD STADIUM. 

By Henry H. Fox, Inspector of Construction. 

The dimensions of the Stadium and the rapidity of construc- 
tion necessary to get the seats in place for the Harvard-Yale 
game of 1903, demanded extraordinary and extensive arrange- 
ments for handling materials. To some extent time was worth 
more than money. The ground was not broken for the foimda- 
tions until after the Class Day game, and the structure could 
not even be fully staked out until after the baseball seats had 
been entirely removed. Work began on a few foundations near 
the ends on June 19, but the real work of erection was delayed 
until the early part of July. There were thus about four months 
and a half in which to bring the seats to a stage of construction 
sufficiently complete for use. 

Concrete for the foundations was required while the rival 
merits of different plans for handling materials were still under 
discussion. Pending the decision of this important matter con- 
crete was mixed by hand, and by a small spu*al machine mixer, 
temporarily installed. The amount of concrete necessaiy to 
complete the Stadium was about 250,000 cubic feet, and the 
height to which it had to be hoisted varied from a few feet to 
seventy feet. In consequence, two inclined cable- ways (Fig. 1) 
were stretched from towers on each side of the work. The 
carpenters and riggers were started putting up these towers 
as soon as timber could be hauled to the Field. Tracks were 
laid, and when the cable-ways were ready for use a revolving 
drum called a Smith mixer was installed (Fig. 3). Tliis drum 
was driven by a gasoline engine. The general aiTangement of 
the plant is shown in Fig. 1. 

A proper amount of cement, sand, and g^ravel for the concrete 
having been decided upon, the following method of measuring 
out the ingredients was adopted. Three bags of cement 
were carried out and placed upon a skip (this kept one man 
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FIO. 1. — GENERAL PLAN OF CONSTRUCTION PLANT. 



FIG. 2. — SECTION OF SEAT SLAB MOULD. 
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busy all the time); a bottomless box was used on the same 
skip to measure the required amoimt of sand. Since this box 
had previously been macje of the right dimensions, no intelligence 
was required of the man who shoveled the sand into the box 
except to get it level full. A number of wheelbarrows of 
broken stone were then dumped on the skip after the removal 
of the box, and the whole was hoisted by machineiy to the 
mixer. The proportions of the parts measured by the above 
method were supposed to be one part of cement to three parts 
of sand and six paits of broken stone, but as a rule the concrete 
was somewhat richer in cement than this would indicate. 

From the mixer the charge of concrete was discharged into 
two buckets, each containing ten cubic feet. A record was kept 
of the charges. The buckets were hauled out on flat cars to 
points beneath the cable-ways where they could be hoisted to 
the various levels of the work. At first, some delay was caused 
in dumping the buckets by the fact that parts of the concrete 
stuck to the sides, and the buckets had to be scraped or pounded 
to get it ofif. This difficulty was entirely prevented by tying a 
piece of canvas to the side of the bucket and laying it inside 
before the charge was received from the mixer. Thus when 
the concrete came out, the canvas came with it. 

In principle the process of moulding the concrete was similar 
to that of making castings of iron or of plaster of Paris, with 
the difference that boards were used to form the, moulds. These 
boards, planed and well oiled, were set up and firmly supported 
in place at proper distances apart to form the thickness of the 
walls, beams, and columns (Fig. 4). The concrete was then 
poured into the hollows in the green or semi-liquid state and 
thoroughly tamped to remove all air spaces. Stmight or curved 
steel rods were laid in the concrete at regular intervals to hold 
it together against tension stresses. These rods had been pre- 
viously twisted to give them a firm hold within the material 
after it had hardened. The subsequent removal of the boards 
left the exposed surfaces somewhat rough and marked with the 
irregularities of the wood. 

Work was begun at the open end, on both sides simultane- 
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ously. The towers of the cable-ways were on tracks and were 
moved aloitg toward the curve as the work progressed. The 
placing of concrete was concentrated as much as possible, to 
avoid wheeling in barrows ; but so much time was requii*ed to 
complete a section of the two outside rows, from foundations to 
upper parapets, that the first story columns were often put m 
place while wQrk on the upper floors was still several himdred 
feet behind.*^ 

The surfaces of all the concrete were thoroughly spaded. 
Mouldings were faced with mortar. During warm weather, 
granolithic fijiish for floors was laid on the same day as th^ 
main body of the floor, to insure a satisfactory bond. Later 
in the fall, when the cold weather delayed the setting, the finish 
was sometimes not applied until the following morning. 

The necessity for speed had an effect also upon the cost of 
centering. The construction company hoped at first to be able 
to build the Stadium in sections about 100 feet long, and use 
the centering over and over again for each successive section ; 
but since the centering in the first section erected could not be 
stripped before more was needed, new lumber was bought. The 
actual loss for this reason was, however, veiy slight, possibly 
nothing ; for every stick of wood big enough for use was put 
into the temporary seats for tiie Yale game. Spruce boards 
one and one-half inches thick, planed on both sides and painted 
with crude oil on the side next the concrete, were used for all 
visible surfaces. Rough one-inch stock was used for cores. To 
facilitate repeated use of the same forms, they where built up in 
units or " panels," not too large to be easily handled. The forms 
were held together by bolts outside the forms whenever possi- 
ble. In the case of large members, bolts ran through the con- 
crete, and it was found very difficult to withdraw them after the 
concrete had hardened. 

The first large girder which was filled settled about an inch 
in the middle during the filling. To offset any possible similar 
behavior on the part of the others, they were cambered about 
three-fourths of an hich ; but suice, m addition to this precau- 
tion, the temporaiy supports for the other girders were stiffened, 
the camber often appeared full size in the finished girder. 
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FIG. 4. — COLUMN FORMS IN I'LACE. 
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Each side of the field had its own foreman. When the methods 
of the two foremen differed, a comparison was often instructive. 
For example, on both sides of the field the centering for the 
back wall on the lower story was used again for the upper story. 
This centering was built up in panels about six feet by twelve 
feet. One of the foremen, when ready to strip a section of the 
lower wall, one hundred feet long or more, drew the bolts, hitched 
a rope to one end of the section, and pulled it all down in a heap. 
The lumber was not damaged, but the different pieces were 
shaken apart, so that in order to make them ready for use again 
it was only necessary to draw the nails. Then the lumber was 
hoisted in small bundles with a block and tackle. 

The other foreman thought he could improve upon this by 
hoisting a whole panel at a time from the lower to the upper 
story. For this purpose he ordered a breast derrick. The der- 
rick did not come for three days, and when it did come, proved 
of very doubtful value ; for it was a slow and difficult process 
to place accurately in position so large and heavy a panel ; the 
derrick was in the way, especially when it was being moved (as 
it had to be for every panel) ; and the heavy strain in the guy 
ropes and in the footing of the derrick made slipping likely, and 
a consequent release of energy, which might be and in one case 
was destructive. 

The steel rods, called reinforcement, were put in place by the 
concrete gangs, under the immediate supervision of an inspector. 
As a rule the rods slipped into place without much trouble; 
but sometimes, especially in the case of the big cantilever gir- 
ders under the upper floor, some ingenuity was required to get 
all the reinforcement in position. The forms fairly bristled 
with steel. In the case of the columns, the hoops were not 
wired to the verticals before the concrete was placed, but were 
dropped over them at the proper intervals during the filling. 
The work of cutting and bending the rods and making them 
into frames or stirrups was done on the field. Six or eight men 
were employed at this when the demand was keenest. The rods 
were bent cold, except in the case of the above mentioned canti- 
lever girders, in which some one mch bent rods were used. 
These could not be conveniently bent without heating. 
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The casting of the seat slabs was begun early m July, and 
pushed forward with the greatest possible rapidity. The 
chances of having the 4500 slabs all cast in time seemed better 
than even, until the cold weather came and retarded the settmg 
so much that the attempt was given up. Most of the slabs were 
of L shape, about 2 ft. 6 m. x 1 ft. 6 in. x 3 in. x 8 ft. 3 in. long. 
The patterns were packed in sand in a box, as shown in Fig. 2. 
F is a hollow box used as a filler to save sand. When the sand 
had been soUdly packed, the cover was clamped on, the box was 
turned upside down with the aid of a traveling crane (Fig. 5), 
and the pattern was withdrawn (Fig. 7). The reinforcement, 
previously wired together, was then put carefully in place, 
guided by a templet which kept the wire mesh within one 
half inch of the surface, and the concrete, of the consistency of 
thick cream, was poured (Fig. 6). The mixing was at first 
done by hand at the end of the foundrj-. Later a small 
Smith mixer was set up about midway between the two ends. 
The f oimdry grew to a length of eight himdred feet ; but even 
then the daily output rarely exceeded sixty slabs, the mouldmg 
was such a delicate operation. One gang of experienced 
moulders could turn out in a day fifteen moulds from the 
simplest patterns; but with the more complicated patterns 
four or five were often a day's work. In warm weather, the 
finished slabs were removed from the moulds in two or three 
days, and kept imder wet burlap until they were needed. 

The structural steel was put in place by a traveler which 
ran between rows B and C. The field connections were bolted. 
When the end of a beam or truss rested on the top of a column 
or girder, it was anchored with bolts set in hollow tnuicated 
cones of sheet metal which had been embedded in the concrete. 
Thick grout was poured in round the bolts. When, however, 
a column was continued above the seat of a truss, a pocket was 
cored out in the column and filled after the truss was m place. 
This method of construction is not to be recommended. It will 
be referred to again. 

How to put the seat slabs in place was a puzzle. The 
" horse " shown in Fig. 8 was finally adopted, since its first cost 
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FIG. 6 — CASTING A SEAT SLAB. 



FIG. i. — SEAT SLAB MOULDS. 
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was less than that of the other mechanisms suggested ; it was 
Ught and easily handled ; and it could be quickly duplicated if 
the work did not progress rapidly enough. Setting seats by this 
means turned out to be a tedious process, especially on the 
upper rows. Fifteen seats were a day's work for one horse. 
To expedite matters, the cable-ways, the travelers for the struc- 
tural steel, a boom derrick, two breast derricks, and a gin-pole 
were used at one time or another in addition to the four horses 
(Figs. 9 and 10). The slabs were hauled over the ground on 
wooden stone drags, the bottoms of which wore through quickly, 
though made of two inch oak plank. Four or five laborers were 
needed to load or unload a slab. The horizontal joints between 
slabs in place were filled with mortar made of a mixture of lime 
and cement. Some of the vertical joints also were filled in this 
way, but the greater part of them were left open. 

Some points in the construction deserve special comment : 

(1) It might have been more economical to run the cable- 
ways lengthwise of the structure, since much wheeling would 
thus have been avoided. 

(2) Three gas engines were used, to run two mixers and a 
circular saw. Their habits were somewhat irregular, and the 
one on the large mixer showed an especial disinclination to 
begin work promptly in the morning; but as they did not 
require the constant attendance of an engineer, they were prob- 
ably as economical as steam engines would have been. 

(3) Considerable labor was expended, as has been mentioned, 
in withdrawing from the concrete the bolts which held together 
the centering. A recent number of one of the engineering peri- 
odicals states that this trouble may be prevented in an entirely 
satisfactory way by placing loose-fitting pasteboard tubes round 
the bolts. 

(4) Board marks on the finished surfaces were easily 
removed by " picking " with a pneumatic toothed chisel. The 
cracks between boards, however, left marks which could not be 
entirely removed without picking off more of the surface than 
was desirable. This defect was probably due to leakage of 
water and cement through the cracks. To make a perfect sur- 
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FIG. 9. — 8ETTIN(i A STANDARP SEAT SLAB. 



FIG. 10. — LOWERING AN AISLK SKAT SLAB INTO PLACE. 
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face some device should be used for insuring water-tight joints. 
The weakening effect of such leakage was well illustrated by the 
marked differences in firmness between filleted comers in col- 
Tunns and sharp comers. Sharp comers a week old could often 
be crumbled with the fingers ; but the triangular fillet tightened 
the joint, diminished the leakage, and left a much superior qual- 
ity of concrete. 

(5) The practice of coring out from a column a pocket to 
receive the end of a truss is not commendable. In the first 
place, imtil the truss is in place, and the pocket filled with mor- 
tar, the column is weak at that spot. In the second place, 
unless the inspection is rigid, the pocket will never be entirely 
filled. The mortar leaks or shrinks away before setting, enough 
to leave a thin air space at the top. The resulting crack on the 
surface will then be carelessly plastered over, and the column 
though apparently sound will lack a considerable fi*action of its 
supposed strength. At the Stadium these thin air spaces were 
filled by ramming in a comparatively dry mortar. 

(6) Curious fine vertical cracks appeared on some of the col- 
umns after they were stripped. Although they seemed not to 
go deep, they caused some uneasiness until it was suggested 
that in all probability they were surface cracks caused by the 
swelling of the wood as it became soaked with water from the 
concrete, and the resulting stretching of the semi-solid concrete 
which adhered to the wood. This explanation was supported 
by the fact that every such crack ran along the middle of a 
board mark. 
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ANCIENT STADIA AND CIRCUSES. 

By H. Langford Warren, Professor of Architecture. 

In view of the construction on Soldiers Field, of the so-called 
Stadium, it has been suggested that a brief account of the 
ancient structures which our football stand, in its general form, 
imitates, would be of some interest to readers of the * Harvard 
Engineering JoumaV 

The stadium was a Greek measure of distance, equalling six 
hundred Greek feet, and as this was the usual distance for foot- 
races, the name came to be given to the structures where the 
foot-races and other athletic contests were held. The stadium 
at Athens is about 615 feet (English) in length exclusive of 
the terminal semi-circle, which was not included in the course. 
It approximated therefore quite closely our furlong. 

Originally such contests took place in some convenient natural 
hollow and the spectators were seated on the ground on the 
sloping hillsides. Then the natural hollow was brought arti- 
ficially into more regular shape and finally it was provided 
with seats, first of wood, as seems to have been the case at 
Olympia, and later of stone or marble, rising in steps, tier above 
tier, an arrangement similar to that in our Stadium, but laid 
directly on the sloping ground. The lower tier of seats was 
raised some three feet from the floor of the arena and some six 
feet in front of this a breast-wall formed a separation between the 
bank of seats and the arena, the space thus cut off sei*ving as a 
passage to give access to the flights of steps leading to the 
seats. The floor of this passage was paved and below was a 
drain which served to keep the passage dry and to carry off the 
rain water that ran down from the tiers of seats. This was the 
arrangement at the stadium of Athens. The arena, the level 
of which was slightly above the surrounding passage, was 
similarly underdrained. There were separate underground 
entrances, leading directly to the arena, for the contestants and 
the judges. The ancient Greek stadia, as at Soldiers Field, 
were semicircular at one end and straight at the other. 
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As already stated, the Greek stadia were usually constructed 
where a natural hollow of the ground required but little shaping 
to bring it to the requisite form. This was the case at Athens. 
At Olympia, the stadium was, on one side, formed by artificial 
embankments of earth, while on the other, the natural slope of 
the hill was made use of. At Delphi, the seats rested on a 
masonry substructure ; at Messene, they were partly supported 



THE STADIUM AT ATHENS DURING RESTORATION. 

by masoniy and in part rested m the gix)und, and here there 
were colonnades in the form of a semicircle at the end. 

The stadium at Athens does not date back to the great times 
of Pericles but seems to have been first constructed by the 
orator Lycurgus about the year B. C. 350. Herodes Atticus, 
the wealthy Roman, who did so much for Athens and for 
Greece, added seats of Pentelic marble about the middle of the' 
second century of our era. The ancient structure had lost 
nearly all its marble work and had been largely buried but was 
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excavated at the expense of King George of Greece in 1869-70. 
It has now been completely restored as shown in the photo- 
graph here reproduced. 

It may be interesting to compare the sizes of these ancient 



VAULTS OF THE AMPHITHEATRE AT NIME8. 

Greek structures with our modem one. The arena enclosed by 
the Stadium at Soldiers Field is 230 feet in width and 458 feet 
in length. Being intended for football primarily, it is relatively 
wide and short. The arena of the stadium at Athens is 109 feet 
wide and 669 feet long; that at Olympia is 105 feet wide and 
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692 feet long. The Stadium at Soldiers Field has a normal seat- 
ing capacity of about 24,000; that at Athens will seat more 
than twice as many. Not all of the ancient stadia would seat 
as many spectators, for though the arenas were always of about 
the same size, some stadia had fewer tiers of seats. The sta- 
dium at Aizani in Asia Minor had an arena some 40 feet wider 
and 55 feet longer than that at Athens but it would seat only 
about one quarter as many people. 

But as we have seen, these structures differed from our Sta- 
dium' in that the seats were set directly on the groimd. It 
remained for the Romans to build such structures on level sites 



RESTORED SECTION OF THE CIRCl'S OF NERO. 

supporting the tiers of seats as it were on an artificial hillside of 
massive arches and vaults of solid masonry, utilizing the spaces 
below the seats for passages and staircases leading to the seats 
and, on the ground story, also for cages for wild animals. 
But these structures of the Romans, the circuses, were intended 
chiefly for chariot-racing, and were founded rather on the Greek 
hippodromes, which were in general similar to the stadia but 
were larger and wider in proportion to their length, being 
intended for horse and chariot racing. The development of 
stadium, hippodrome and circus was similar to that of Greek 
theatre, Roman theatre and amphitheatre, the latter group dif- 
fering indeed from the former, mainly in plan, not in section or 
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structure. The Colosseum in Rome is often referred to as the 
prototype of our Stadium, but the Colosseum is an amphi- 
theati'e, its plan being a complete ellipse. Our Stadium is 
rather like a small Roman circus, or like a Greek stadium of 
changed proportions, in which the general constructive scheme 
of the Roman circus is used, translated into terms of steel and 
concrete. 

The Roman circuses were colossal structures in which audi- 
ences equalling the whole adult population of a considerable 



EXTEKIOR ARCADES OF THE AMPHITHEATRE AT NIMES. 

city could be seated. The greatest of these, the Circus Maxi- 
mus at Rome as finally enlarged would seat, it is said, 380,000 
spectators. It was 705 feet wide and 2200 feet long. The 
Circus of Nero which stood on the site of the present cathedral 
of St. Petei-s, and of which we reproduce here a restoration, 
was about 350 feet wide and 1200 feet long. We need not 
here describe the detailed arrangement of its plan, with its 
great central wall or spina dividing the arena into halves so 
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that the chariots could drive up on one side and back on the 
other; what concerns us rather is the construction, the means 
by which the seats were supported. This was accomplished, as 
in the case of the theatres and amphitheatres, by means of a 
series of piers and vaults, whose massive and solid constric- 
tion is one of the sources of hnpressiveness in these gi'eat 
structures. The exterior arcades of these wonderful buildings 
are simply the external expression of the vaulted structure 



AMPHITHEATRE AT VERONA. 



within. The arrangement may be illustrated by two views of 
the arena at Nimes, in the south of France, one of the best 
preserved of the amphitheatres which dot the soil of the ancient 
Roman Empire. One of these photographs shows a portion of 
the exterior ; the other is a view in one of the interior encirclmg 
corridors showing the vaulting. 

At Aries, also in the south of France, at Pola in Istria, 
at Verona and at Pompeii m Italy are ami)hi theatres in a better 
state of preservation than the Colosseum. Their interior aspect 
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will be clear from the view of the amphitheatre at Verona, which 
is still used. The best presei*ved of the Roman cucuses is that 
of Maxentius, on the Appian Way, two miles from Rome. '* The 
external wall of masoniy remains largely intact and the vaults 
which supported the seats though often ruined, are traceable." 
This structure was 245 feet wide and 1620 feet long. 

It will be seen therefore that the Stadium on Soldiers Field 
is, in its external form, a combination of Greek stadium and 
Roman circus, shortened in proportion and carried out by means 
of a type of construction altogether modem, with which the 
external arcades, imitated from the ancient structures, are not 
wholly in keeping. 
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THE REGIMEN OF THE CHAGRES. 

General Henry L. Abbot, 

colonel corps of engineers, retired. late member, international 
technical commission. 

It is now well understood by those who have given technical 
study to the problem that facility of transit through the canal to 
be constructed across the Isthmus of Panama, in other words 
whether it is to be a good or a bad canal, will largely depend 
upon the plan adopted for the regulation of the Chagres River, 
whose valley it must follow through the greater part of the 
route, and which must furnish the needful water supply. The 
two essential elements to be considered are the control of the 
occasional great floods, and the frequent considerable freshets 
as well, so as to secure a waterway free at all times from 
ciUTents and from more or less silt and sand deposits, and also 
to provide ample and safe storage for water reserves during the 
three or four months when the natural flow of the stream is 
insufficient for the needs of the canal. A definite knowledge of 
the regimen of the river becomes therefore highly important, 
and this has been secured by the elaborate and long continued 
investigations of the New French Company. 

The Chagres traverses a basin clothed with the luxuriant 
vegetation of the tropics and subjected to rainfall and climate 
conditions so unlike those of the United States that it is not 
without interest to note the differences to be encountered. 
The Roanoke River affords a good standard of comparison. 
Above Neal, North Carolina, its drainage basin covers an afTea 
of about 8717 square miles, with an annual rainfall of about 51 
inches. The corresponding figures for the Chagres are about 
700 square miles and 112 inches. The Roanoke basin is largely 
covered by forests in the moimtainous district, with swamps in 
the lower region ; and in this respect the Chagres is not unlike, 
but the tropical growth is more dense. Both rivers are subject 
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to sudden oscillations in water level, but those of the Roanoke 
often cover several days while those of the Chagres nirely 
exceed twenty-four hours. The highest recorded flood at Neal 
attained, in March, 1897, a height of 30 feet above the extreme 
low water of September, the volumes being 83,000 cubic feet 
per second in the former and 2,000 cubic feet in the latter. 
The coiTesponding figures at Bohio, in November, 1879, were 
40 feet and 113,000 cubic feet, the flood occurring as usual near 
the end of the year. The volume of the Roanoke at low stages 
up to about 13 feet above low water is larger than that of the 
Chagres, but above that level it is remarkably similar. Thus 
simultaneous gaugings for five months in 1896, made at Neal by 
the U. S. Geological Survey and at Bohio by the New French 
Company, indicated average volumes for that period of 5761 
and 5849 cubic feet per second respectively. 

The old popular belief that the regulation of the floods of 
the Chagres presents unprecedented difficulties, although often 
asserted, is erroneous. Thus the works of improvement now in 
progress upon the Warrior and its tributary the Black Warrior 
of Alabama, ofl^er conditions far less favorable. At Tuscaloosa 
an extreme oscillation of 67 feet is of record, with a rise of 20 
feet in 4 hours. The discharges i-ange from 150 to 150,000 
cubic feet per second. Such extremes have never been 
approached by the Chagres. All that is required for that river 
is a judicious plan of regulation. 

The two chief branches of the Chagres head in the Cordillera 
de San Bias, the larger of them, the Pequeni, only about five 
miles from the Atlantic Coast. They unite just above Alha- 
juela, where is an excellent dam site. This upper sub-basin has 
an area of about 320 square miles, and consists of low mountain 
chains rarely exceeding 1500 feet above tide in height, and sep- 
arated by narrow gorges. Near Alhajuela the river is bordered 
by water-carved limestone bluffs, in a few spots nearly white, 
and the region is of surpassing beauty. The next sub-basin 
extends to Gamboa, an air line distance of about nine miles. 
Here the river passes over many small rapids, and shows at low 
water stages bars sharply distinguished by sand, gravel, and 
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small bowlders, which are i-arely if ever intermingled. The 
banks, often of rock, are occasionally subject to erosion in high 
stages of the river, and it is here that a small amount of sedi- 
mentary matter is then collected. The bars are, of course, at 
such times slowly pushed down stream toward the canal route 
near Gamboa. The lower sub-basin extends thence to Bobio, 
an air line distance of about fifteen miles, covering an area of 
about 250 square miles. Here the slope of the bed is rapidly 
reduced, and tide level is reached, at the lowest river stage, near 
the Bohio bluffs, where will be placed a dam flooding the valley 
to Gamboa and constituting part of the route for shipping. 
Thence to Colon, about fourteen miles, this route will be foimed 
by a canal quite separated from the river and at tide level. 
After leaving the Chagres near Gamboa the canal passes through 
the Empemdor and Culebra cuts and then descends by locks to 
the Pacific near Panama. When considering the regulation of 
the Chagres for canal purposes it is therefore only needful to 
take into account the three sub-basins above described, bearing 
in mind, however, that in the largest floods the district below 
Bohio has always been deeply submerged, and that the canal 
must be protected against this danger by suitably regulating the 
outflow from Lake Bohio. 

The New French Company, warned by earlier experience, 
has been keenly alive to the importance of a thorough under- 
standing of the conditions of this hydraulic problem before 
undertaking work upon a large scale. Admirable measures for 
this purpose have been taken, and all important facts are now 
known. For many yeais, continuous automatically recorded 
water heights have been kept at Alhajuela, Gamboa and Rohio, 
with thousands of gaugings to translate such records into cor- 
responding river discharges. The region has been contoured 
carefully, to define the border of artificial flooding at difl^erent 
lake levels. Long continued rain records at many sites have 
been kept; and observations to determine temperature, baro- 
metric pressure, and seismic disturbances have not been 
neglected. An elaborate study of these data has been made, 
and few rivers even in densely populated regions are now better 
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understood than the Chagres, — thanks to the intelligent work 
of the New French Company under the administration of 
Monsieur Maurice Hutin, the Director General, and Monsieur 
Louis Choron, the Chief Engineer. The general conclusions 
reached may be siunmed up as follows. 

The river supplies ample water for all possible needs of the 
canal if proper provisions are made for that purpose. The 
largest floods may be controlled, and a route for shipping wholly 
free from annoying currents or deposits may be secured by two 
dams, one at Bohio and the other at Alhajuela, the lake fonned 
by the latter affording secure stomge for the reserves to meet 
the needs of the canal in the low water season, which includes 
three months (February, March and April). Any possible 
flooding of the district below Bohio may be prevented by intro- 
ducing the system of ovei"flow weirs in successful use on the 
Manchester Ship Canal. Ample water power for lighting the 
canal and mechanically operating it will be supplied at the 
dams. 

Considering the hydraulic problem in more detail it may be 
said that the regimen of the Chagres is governed by the tropical 
conditions of its drainage basin. The annual rainfall is about 
112 inches, being about 5 inches for the three dry months and 
107 inches during tJie rest of the year. The corresponding 
annual outflow is about 3800 cubic feet per second, ranging 
in difl^erent years from a minimiun of 3400 to a maximum of 
7000 cubic feet. The tri-montldy low water discharge is about 
1000 cubic feet per second, the minhnum of record (1901) 
being 750 cubic feet of which t530 cubic feet passed at Alha- 
juela. The flow during the dry months is gentle and nearly 
uniform, but during the rainy months freshets are always to be 
expected, to say nothing of the rare great floods, of which there 
have only been six in the past half century. These freshets 
are caused by the sudden down pours of rain which often last 
two or three days. The rises are short lived but violent, as 
may be seen from the example, by no means extreme, shown in 
the following Uible. The plate is added to present it more 
clearly to the eye. 
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Freshet of July 20-21, 1908, in the Ciiaores. 





Height above 


sea in metres 


Discharge in cubic feet per second 


Honrs 


July 20 


July 21 


July 20 


July 21 


Alhajuela 


2 A. M. 


28.64 


29.20 


2119 


6357 


4 


28.00 


29.14 


2226 


6933 


6 


28.66 


29.10 


2225 


6651 


8 


28.63 


29.07 


2084 


5439 


10 


29.70 


29.03 


10136 


6191 


noon 


32.80 


29.66 


43934 


9810 


2 p. M. 


33.15 


29.45 


48560 


8193 


4 


32 40 


29.37 


38778 


7593 


« 


31.60 


29.42 


29066 


7946 


8 


30 40 


29.17 


16352 


6145 


10 


29.45 


29.10 


8193 


6651 


mid't 


29 28 


29.01 6922 


5050 




Cam BOA 


2 A. M. 


14.80 


17.00 


2613 13844 


4 


14.90 


16.00 


2931 8617 


« 


14.88 


15.64 


2861 6957 


8 


14.80 


15.54 


2613 6534 


10 


14.78 


15 48 


2543 1 6286 


noon 


17.10 


15 42 


12009 1 6004 


2 p. M. 


18.00 


16.00 


19919 1 8617 


4 


18.76 


Ifi.OO 


25004 1 8617 


() 


19.28 


15.90 


28712 


8158 


8 


19.48 


15.90 


301(50 


8158 


10 


19.08 


15.70 


27264 


7240 


mid't 


18.20 


15.56 


21225 6604 






Bohio 


2 A. M. 


1.31 


5.10 


2543 1 20448 


4 


1.32 


5.20 


2578 1 21119 


6 


1.35 


5.28 


2649 21684 


8 


1,42 


5.27 


2790 21614 


10 


1.47 


505 


2931 20130 


noon 


1.47 


4.70 


2931 17835 


2 V. M. 


1.42 


3 80 


2790 


12820 


4 


2.40 


3.20 


6746 


9959 


rt 


3.40 


3.00 


9078 


9112 


8 


4.06 


3.00 


14162 1 9359 


10 


4.55 


3.10 


10952 


9536 


mid't 


4.80 


3.08 


19071 


9465 
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To form an intelligent idea of the provisions to be adopted 
for controlling the flow of so variable stream it is needful to 
study the volumes that, without regulation by a lake above, 
may be expected to strike the canal route near Gamboa and to 
traverse the artificial lake extending from that point to Bohio. 
The following table has been prepared to give this information. 
The question of the proper measuies for controlling the great 
floods has been fully discussed in a paper which appeared in 
*The Engineering Magazine' for December, 1902, and space 
forbids a consideration of the problem here, but a few figures 
relative to these floods have been added to the table to facilitate 
comparison between them and the freshets. 

It should be borne in mind that these freshets often occur 
three or four times in each month from May to January 
inclusive, and that as many as ten iii a single month are of 
record. As stated above they are caused by sudden downpours 
common in the rainy season, which often last three or more 
days and cause rapid rises in all tributaiy streams throughout 
the basin. High rises of the Chagres, however, rarely continue 
more than about 24 hours, and that period has been adopted as 
the standard of duration, selecting the hours so as to show the 
maximum daily flow. The list has been chosen from a wealth 
of examples to illustrnte three characteristic types, determined 
by the locality in the basin which receives the larger part of the 
rainfall. 

These freshets sweep down the bed like great waves, the 
crest traversing the eleven miles by river separating Alhajuela 
from Gamboa in about 4 hours, and the 20 miles by river 
thence to Bohio in about 7 hours. The table gives both the 
average and the maximum volume at each locality, as well as 
the rainfall in each sub-basin to which it was due, as nearly as 
this latter can be estimated from the daily records. In com- 
paring different freshets and corresponding rainfall it must not 
be forgotten that the average volume is largely dependent upon 
the stage of the stream when it received the addition, and 
hence that maximum volumes furnish a better criterion. The 
avemge volumes are added to afford data for estimating the 
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total contributions during the twenty-four hours, under the 
actual conditions then existing. 



Typical Freshets and Floods of the Chaores, Classed by 
Locus OF Rainfall. 



Date 



Blay, 1899 
Aug., 1900 
Aug., 1U03 
Nov., 1903 
means 



Dec. 1900 

Jan., 1902 

Dec, 1903 

means 



Aug., 18D9 
Nov., 1899 
Oct., 1900 
Nov., 1901 
same 
same 
Aug., 1902 
Oct., 1902 
July, 1903 
Dec, 1903 

same 
Jan., 1904 
means 



Dec. 1888 
May, 1897 
Nov., 1879 
Nov., 1885 
Dec, 1885 
Dec, 188S 
Dec, 1890 
Dec. 18a3 



Etainfall in sub-basin 
in Ti hours. 



Discharge in cubic feet per second, for 24 hours. 



upper, 
incnes 



1.5 
2.5 
3.0 
6.0 
2.6 
4.8 
1.3 
2.4 
2.1 
3.5 
2.8 
2.0 
2.9 



middle, 
inches 



lower, 
inches 



1.3 
3.9 
3.6 
4.5 
1.8 
2.9 
1.6 
2.0 
2.1 
3.0 
3.0 
1.3 
2.6 



Alhajnela 


Gamboa 


Buhio 


average 


maxi. 
mum 


^' , mum 


aver- maxi- 
age mum 



Rainfall chiefly in upper basin. 



6.0 


0.3 


1.8 


10 348 


30 726 


9 641 


20 484 


10 807 


17 588 


3.9 


1.7 


1.3 


10 383 


22 850 


10 736 


20 625 


14 374 


18 612 


4.7 


3.2 


1.6 


11 760 


30 831 


17 270 


25 922 


21 402 


27 647 


3.4 


1.3 


1.9 


M6.U 


44 262 


24 192 


35 348 


30 8:n 


36 305 


4.5 


1.6 


1.6 


14 268 


32 173 


15 469 


25 676 


19 354 


26 004 



Rainfall chiefly in lower basin. 



Rainfall well distributed. 



1.1 
3.1 
1.9 
6.1 
2.1 
4.6 
2.3 
2.2 
2.0 
3.2 
3.0 
1.5 
2.8 



15 080 
11 160 
11 549 
11 301 

13 738 
21 119 
11 725 
11 725 
18 788 

14 550 
9 747 

11 902 
13 526 



29 771 

30 937 
26 805 
19 071 
22 497 
43 581 
30 231 
26 805 
49 231 
19 989 
16 917 
22 179 
28 147 



16 634 


12 866 


14 621 


16 917 


15 116 


25 357 


14 415 


15 998 


17 411 


11 72.-. 


12 679 


13 102 


15 575 



26 205 
23 132 
23 521 
26 075 

21 296 
36 871 

23 803 
26 629 
30 160 
14 339 
19 3M 

22 461 

24 545 



Two older freshets and the six floods. 



30 H'.7 
3.) 549 

57 0)1 
40 7. 5 
51 809 
50 185 
3J 449 



40 014 


42 380 


78 616 


64488 


44 923 


58 202 


a'> 371 


43 167 



1.1 


0.8 


2.6 


14 762 


23 486 


14 974 


21 932 


18 259 


22 886 


1.2 


4.1 


7.7 


19 389 


23 946 


22 532 


4t6 629 


37 163 


38 107 


1.6 


3.0 


3.4 


5 898 


6 922 


9 641 


14 339 


20 307 


22 391 


1.3 


2.6 


4.6 


13 360 


18 117 


15 716 


20 978 


26 251 


27 974 



19 919 


18 859 


16 528 


28 995 


24 474 


33 727 


14 586 


18 683 


17 306 


17 870 


19 777 


13 809 


20 378 



25 887 
24 333 

20 837 
33 233 

26 699 
40 508 
19 777 
24 262 

21 684 
19 623 
21 826 
16 881 
24 616 



M 347 

48 490 



I 112 731 
74 801 
47 601 

, 79 004 
71 657 

I 51 068 
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The entrance to the projected lake below Gamboa is for a few 
miles rendered narrow by bounding hills, and it is believed that 
a study of the data contained in this table, which may be largely 
increased from the records of the French Company if desired, 
will convince hydraulic engineers that such volumes, carrying 
as they do more or less sand and gravel, should be excluded 
from a great trade route to be used by ocean steamers. By a 
lake at Alhajuela to regulate the flow, the river may readily be 
transformed into a stream as gentle as it now is in the dry sea- 
son ; but strange as it may seem this lake was not regarded as 
essential by the Isthmian Canal Commission. 

Some interesting facts as to stream flow in this region may be 
gleaned from this table. Thus in freshets resulting from a rain- 
fall well distributed over the basin, the larger maximum flow 
occurs at upper stations, and this usual river rule is naturally 
more pronounced when there is a larger relative downfall in the 
mountain district; in the opposite case the rule is reversed. 
Nevertheless, although unfortunately no great flood data have 
ever been collected at Alhajuela, it is apparent from the meas- 
urements below that at such times when widespread and long 
continued downpours prevail, and the entire region is surcharged 
with water, the rule is reversed. In every recorded instance the 
discharge at the height of the flood was greater at Bohio than 
at Gamboa. This fact is probably in part due to peculiar con- 
ditions governing the local slope at such times. At the lowest 
stage the level of the ocean is here nearly attained, and as the 
water rises the local slope rapidly increases, and is sustained by 
flow from a large district just above which is then always inun- 
dated. Above, near Gamboa, there is a considerable natural 
slope to the bed, and this furnishes reserves as the water lises, 
limiting the height attained and hence the maximum volume. 
The extreme oscillation at Bohio is greater than at any other 
known point of the valley. 

One impoi-tant characteristic of the regimen of the Chagres 
remains to be noted. To verify the geological indications that 
no excessive percolation is to be feared in the artificial lakes to 
be created, a careful study has been made to determuie what 
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becomes of the rainfall in this drainage district, a problem which 
the elaborate measurements rendered it possible to submit to 
analysis. Space here is lacking for details, but they will be 
found in the Monthly Weather Review for February, 1904. Con- 
ditions on the Isthmus are specially favorable to such studies. 
Ice and snow are unknown. The extraordinary uniformity of the 
temperature throughout the year, and the sharp division between 
rainy and dry seasons, regulate evaporation in a manner to elim- 
inate the irregular variation common in temperate regions. The 
country is clothed with dense tropical vegetation and is in its 
natural state. Lastly, we have a definite knowledge of the 
daily rainfall and corresponding outflow for a period of six 
years. 

The general conclusions resulting from the study are the fol- 
lowing. Of the annual rain which falls from the clouds about 
34 per cent is evaporated, or absorbed by plant life, or sinks 
permanently into the earth. During the rainy months this loss 
is probably about 50 per cent, the excess being explained by 
the larger wet surface then exposed to evaporation, which latter 
during the dry season is much reduced by lack of material. 
Furthermore of the annual rainfall about 29 per cent at once 
escapes to the river and flows off by its bed, and the remaining 
37 per cent after a delay of perhaps about three months perco- 
lates through the earth and augments the flow through the beds 
of the streams, as ground water. During the three dry months 
fully three quarters of the actual flow must be ground water, 
the measured outflow then exceeding the entire rainfall. Nature 
thus supplies a useful reserve to assist in meeting the needs of 
the canal at this critical period. 

(vomparing these figures with those resulting from similar 
investigations in the northern and eastern parts of the United 
States, covering the watersheds of a dozen rivers and streams, 
it appears that the catchment basin of the Chagres in round 
numbers exhibits in inches per square mile 2.5 times the rain- 
fall, 3.3 times the outflow, 1.5 times the evaporation; and that 
ground water plays a much more important part in the regimen. 

Washington, D. C. 

April 7, 1904. 
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engineering I^aboratory Notes. 

The graduates may be interested in a brief mention of some 
of the work, outside of the regular courses, that has been going 
on in the laboratory during the year. 

Samples of steel-concrete in various shapes, made from the 
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material used in the Stadium, were tested in room 2 for ultimate 
strength by Prof. Johnson. 

The Goldschmidt Thermit Company presented the laboratory 
with a length of girder rail containing a joint welded by thermit, 
a mixture of metallic aluminum and iron oxide. The electrical 
students tested it for conductivity. 

A 15 h. p. variable speed transmission gear, loaned by the 
Power & Speed Controller Company, has been under test by 
the mechanical seniors, as described by Prof. Marks in the last 
Journal. 

A. D. Wilt, '03, made some tests on special tool steels, in 
connection with his work at the National Cash Register Ce. of 
Dayton, Ohio. 

Tests were made in the photometrical laboratory by Mr. 
Whiting on the Rettish Burner, an improved type of gas burner 
designed for use with incandescent mantles. 

The Automatic Electric Company has presented the labora- 
tory with a complete working equipment of their automatic or 
girl-less telephone system. The set comprises six subscriber's 
phones and an exhibition switchboard containing the machines 
which replace the central operator. The board has first selector, 
second selector and connector switches so that the operation of 
a 10,000 subscriber exchange is illustrated in the model. The- 
system is now being set up for intercommunicating service by 
some of the electrical seniors. 

Several of the new Edison automobile cells are being tested 
in room 107. Prof. Kennelly will present a paper on this cell 
before the International Congress at St. Louis this summer. 

The hydraulic students under Prof. Hughes made measure- 
ments of the loss of head in 1000-ft. lengths of fire hose which 
were borrowed from the Cambridge Fire Department. 

I). N. McClinton, '04, and C. E. Tirrell, '04, are carrjong out 
investigations of two 36" Davidson fans which have been pre- 
sented recently to the lalwrntorj^ by the Mass. Fan Co. 

L. A. Hackett, '04, and W. M. Stone, '04, are working on a 
device for obtaining a continuous time record of the pressures 
existing in a gas engine cylinder. They will use this record to 
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study the explosive phenomena under various conditions of 
operation. 

G. Johnson, '04, A. G. Thomas, '04, H. K. Roberts, '04, and 
H. W. Smith, '04, are engaged on a series of tests of a 3-eylinder, 
35 h. p. gasoline Westinghouse engine. 

A. A. Thayer, '04, is determining the strength of several of 
the new high speed tool steels, both when annealed and hard- 
ened. 

A. Tyng, '04, is investigating the specific heat at constant 
pressure of superheated steam. 

D. C. Barnes, '04 and F. H. Poor, '04 have been investigating 
the ventilating effect of the air brake exhaust on railway 
motors. 

Graduate Notes. 

At the March meeting of the President and Fellows of Harvard 
CoUege, F. L. Kennedy, A. B. 1892, S. B. 1898, was ap- 
pointed Asst. Prof, of Mechanical Drawing. 

H. C. Ward, '99, is proprietor and manager of the Greenfield 
Electric Light & Water Plant, at Greenfield, Tenn. 

R. A. White, '99, is with Ford, Bacon & Davis of N. Y., at 
Birmingham, Ala. He is engineer for the Birmingham 
Street Railway & Power Co. 

Edward J. Whittier, '01, is with the American Agricultui^al 
Chemical Co., supply department, 26 Broadway, New York. 

Herman F. Tucker, '01, is assistant engineer on the Harvard 
Stadium. 

Daniel Armistead, '99, is with the Allis-Chambers Company in 
the engineering department of the Edward P. Allis Works, 
Milwaukee, Wis. 

J. H. Libbey, '98, is assistant engineer for the Boston & North- 
em R. R., with offices at 86 State St., Boston. 

R. F. Blake, '99, is with the Fore River Ship and Engine Co., 
Quincy, Mass. 

Stanley Cunningham, Jr., '00, is with the National Tool and 
Machine Co., South Boston, Mass. 
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A. D. WDt, '03, has charge of the engmeering laboratory of the 

National Cash Register Co,, Dayton, Ohio. 
F. Pope, '01, has just returned to Boston after spending a year 

at the mines near Johannesburg, South Africa. 

ArcKitectural Notes. 

On Friday evening. May 6th, the Boston Society of Archi- 
tects paid a visit to Cambridge, meeting first at Pierce Hall to 
see the Engineering building and its equipment, and then 
stopping at Robinson Hall for a brief inspection of the home 
and some of the work of the Department of Architecture. 
Keen interest was apparently taken in those aspects of the pre- 
liminary training of an architect which can best be obtained in 
a school. More than one practitioner of established position and 
long experience was heard to envy the young men who were 
having their introduction to the profession in such agreeable 
surroundings as those provided by the gift of Mr. and Mrs. 
Robinson. 

The models of vaulting in the basement, which were made 
largely by the students in the course in Mediaeval Architecture 
last year, excited a good deal of interest and discussion, as did 
also the exhibition of the work of the coui*se in the Theory of 
Design by pupils of Dr. Denman W. Ross. There was a very 
complete exhibition of examples of the underlying principles of 
design in two dimensions, and fortunately also many fine exam- 
ples of their application. 

The Society afterwards dined at the Colonial Club and was 
addressed after dinner by President Eliot, Mr. R. S. Peabody, 
President of the Society, Prof. HoUis of the Engineering Depart- 
ment, and Prof. Warren, of the Department of Architecture. 
The interesting question of the employment of architects for the 
designing of University buildings was opened by President 
Eliot, and discussed by the other speakers. In the course of his 
remarks President Eliot expressed the idea that possibly the 
architect, like the sculptor, painter, and musician, was most 
successful when his work expressed only his own conception. 
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Mr. Peabody and Prof. Warren, on the other hand, stated that 
to them architecture seemed essentially a work of co-operation, 
and convincing historical evidence was presented by them. A 
suggestion made privately to President Eliot by Prof. Warren 
was approved by the other speakers and apparently by the 
Society as a whole. This was that in the future the design for 
a new University building should, before its execution, be criti- 
cised by all those architects who have previously been employed 
by the Corporation in the erection of buildings. It is under- 
stood that the original design would then be modified to accord 
with the judgment of this board of critics. By this means it 
is hoped to give that much desired unity to the aspect of the 
University which has hitherto been lacking, but which has 
begun to be felt in the work recently done by Messrs. AIcKim, 
Mead & White, and others. 

Prof. HoUis spoke in an interesting way about the successful 
use of concrete in the Harvard Stadium, and in conclusion 
urged that the engineers and architects should come into closer 
relations socially as well as professionally by locating their 
societies in the same building. 

After this the Society adjourned to the Germanic Museum, 
where Prof. Francke personally conducted the party most 
delightfully among the fine casts and replicas of the examples 
of German architecture and sculpture of the best periods. 
C'. R. Wait, '03, A, who has just completed a year of graduate 
study in architecture at the University, has just taken the 
examination for the Nelson Robinson Jr. Travelling Fellow- 
ship in Architecture. 
H. D. Grinnell, '03, A, is at present in the Boston office of 
Messrs. Cram, Goodhue and Ferguson, as are also Gordon 
AUen, '98, and S. B. Parker, '05. 

D. D. L. McGrew, '03, was at last reports in the Boston office of 

Messrs. Parker and Thomas, the architects of the new Rac- 
quet Club on Boylston Street, a very successful design in 
brick and terra cotta. 

E. M. Parsons, '03, was at last reports in the office of Messrs. 

Wheehvright and Haven in Boston. 
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C. M. Bill, '00, is a designer in the employ of Messrs. Alley and 

Emery, interior decorators, in Boston. 
A. S. Walker, '98, A, is in the office of Mr. Whitney Warren 

in New York City. 
F. M. Jones, '00, A, is in Springfield, Mass., in charge of some 

work for Messrs. Peabody and Steams of Boston. 
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THE STATIONS OF THE FIRST RAPID TRANSIT 
RAILROAD OF THE CITY OF NEW YORK. 

By Daniel Lawrence Tdrner, C. E. 

It is difficult to impress one with the magnitude of the 
Rapid Transit Railroad unless a trip has been made through 
it. Even more difficult is it to convey an adequate idea of what 
the stations are really like — particularly those in the under- 
ground portion of the milroad. Dark, grimy and poorly venti- 
lated, has aptly described most tunnels heretofore constructed. 
One naturally imagines such a description equally fitting for the 
stations of an underground railroad. The New York "Subway" 
stations, however, have none of these characteristics. They can 
hardly be compared with the stations of any other sunilar rail- 
road. They afford landing places for passengers — and provide 
means for ingress and egress — these are the only features they 
have in common with the stations of the London, Glascow and 
Liverpool underground roads ; the Metropolitan of Paris; Buda- 
pest Railway ; or even the Boston Subway. 

Entering a station from the street a few steps bring you to 
the platform and the ticket booth. You are hardly conscious of 
being undergi-ound, for the daylight has followed you. Pur- 
chasing a ticket from the booth immediately at hand, you pass 
the ticket chopper and reach the train platform. Looking 
across the four tracks, between the rows of columns separating 
them, the opposite platform can clearly be seen. There a num- 
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ber of passengers are awaiting a train travelling in the opposite 
direction from that in which you expect to go. Suddenly, with 
a rumble and a whir, your view is shut off. An express train has 
passed. Looking up and down the tracks, a few blocks away 
in either direction, a bright spot of light appears through the 
semi-gloom of the intervening subway. One of these spots mdi- 
cates the location of another local station similar to the one upon 
which you are stiinding ; the other, perhaps an express station, 
where the train which has just passed will stop. Travelling to 
that station on the first local train coming along, you may board 
the next express. Observing your surroundings, meanwhile, 
you find that the roof of the station is only a few feet below the 
street, for nearly half of the ceiling is constructed of glass 
through which the sunlight streams. The remaining portion is 
of white cement divided into panels with ornamental moldings. 
The side walls are covered almost entirely with white glass. 
Their surfaces being broken up into panels with colored mosaic 
pilasters and friezes. A faience or terra cotta cornice finishes 
off the top of the wall. Mosaic name tablets incorporated in 
the wall design designate the station. To withstand the greater 
wear to which the base of wall will be subjected, a wainscot of 
light colored brick has been provided. The floor is constructed 
of cement of a light gray color. All other details of construction 
and equipment are in keeping. Such, briefly, are the New York 
Subway Stations — bright, airy, and finished in every detail. 
Obviously, otlier considerations than the purely utilitarian re- 
quirements of a railroad station have affected their design. It 
has been sought to make them attractive and decorated in a 
manner befitting a great public work. 

While this paper is to be devoted mainly to a description of 
the stations, a few words concerning the railroad itself will not 
be amiss. 

Til is road is the first of those great arteries of travel which 
are destined to convey its throbbing life from the outermost lim- 
its to tlie lieart of the Great City. No other similar railroad is 
so ore ' n extent as this first Rapid Transit Railroad of the City 
of Xc "'ork. It traverses the streets of the city for a distance 
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of nearly twenty-one miles, and, a still more impoitant feature 
to the public, over six miles of the road contains four tracks, side 
by side. For its remaining length it is two and three tracks 
in width. The four parallel tracks provide for a service of fast 
trains making stops at long intervals, as well as the ordinary 
service of slow trains stopping at short intervals. Though this 
railroad is only a part of the great system which has already 
been outlined, its route is an extensive one. It begins opposite 
the Post Office, at the intersection of Park Row and lower 
Broadway, and extends north on Park Row, Centre and Elm 
Streets, Lafayette Place, and Fourth Avenue to 42nd Street; 
thence across town along 42nd Street to Broadway, then up 
Broadway to 104th Street. At this point the road separates 
into two branches : The west Branch continues up Broadway 
to Fort George, thence along Kingsbridge Road to Kingsbridge; 
the east branch extends under 104th St., Central Park, Lenox 
Avenue, Harlem River, and East 149th Street to Third Avenue, 
thence along Westchester Avenue, Southern Boulevard, and 
Bostin Road to the Bronx Park. The main line and each of the 
branches are approximately seven miles long. 

For the constructicm, equipment and operation of this epoch 
making railroad, the largest single contract ever entered into, 
was executed between the City and the Contractor. Its amount 
was $35,000,000.00. 

Although there are forty-nine stations, they are distributed 
over the twenty-one miles of railroad, extending from the south- 
em end of the City to its extreme northern Ihnits. The railroad 
has been constructed in several different ways. Each type of 
construction has its accompanying station type. The greater 
portion of the road is built as near the street surface as possible, 
commonly called the "Subway" type of construction. Though 
this tppe necessitates the excavation of the street surface, and 
the rearrangement of all underground pipes and conduits, and 
thereby subjects the public to the annoyances incident to these 
operations, it has several particular advantiiges. By following 
this plan the stations are brought immediately beneath the street 
surface, making them light, well ventilated and easily accessible 
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by short flights of steps. Agam, some portions of the road have 
been constructed at a considerable depth below the surface, in 
tunnel. The remainder is erected over the street on an elevated 
structure. The amount of each type is as follows : — Subway, 
10.5 miles; Tunnel, 4.5; Elevated, 5.8 miles. Thirty-four of 
the stations are located in the Subway portions of the road, 
three in the Tunnel, and twelve on the Elevated structure. 

The stations are not evenly distributed over the entire line. 
The intervals between them are shorter in the commercial dis- 
tricts where there is greater congestion than in the less crowded 
residential districts. Segregating the commercial and residen- 
tial stations, we may for convenience designate them as down- 
town and up-town stations respectively. The interval between 
the former is about five blocks, or ^ of a mile ; between the lat- 
ter about ten blocks or one half mile. The fourteen stations 
below and including the 50th St. station belong in the down- 
town class. The 35 stations above 50th Street stiition are in 
the up-town claps. In the morning hours the passengers board 
a train at the larger number of up-town stations and leave them 
at the fewer down-town ones. In the afternoon the operation 
is reversed. In consequence of this, the down-town stations 
have had to be provided with facilities for handling a greater 
number of passengers. Their design, therefore, has been af- 
fected accordingly. 

Again, one of the most noteworthy features of the railroad is 
its unequalled facilities for providing the public \Wth an express 
train service from one end of the City to the other, during all 
hours of the day. This is accomplished by means of the four 
track main line, already alluded to, extending from the post 
office to 96th Street. The two hiner tracks are used for the 
high speed, or express trains ; the outer ones for the slow run- 
ning, or local trains. The local trains stop at all stations, while 
the express trains stop at specially designated express stations. 
These latter stations are located at Brooklyn Bridge, 14th 
Street, Grand Central Station, 72nd and 96th Streets. In other 
words the express trains make stops at about every fifth station 
up to 96th Street, or at intervals of about one and one half 
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miles. Above this point, on the east and west branches, either 
express or local trains stop at the regular local stations, at the 
usual one hrflf mile interval. The train service provides for 
eight car trains running two minutes apart on the express tracks, 
and five car trains running one minute apart on the local tracks 
— each way. The express trains are scheduled to travel at the 
rate of thirty miles per hour, including stops ; the local trains 
at fifteen miles per hour. At these rates a person can go from 
the Post Office to 96th Street in less than fifteen minutes, or to 
the end of either the east or west branches within thirty min- 
utes. 

It appears, then, from what has already been said, that the 
design of the stations is affected by a number of very different 
considerations. It is in satisfying these sevei-al requirements 
that the various types of stations have been evolved. From an 
operating point of view, there are two general classes, — local 
and express stations, irrespective of any other characteristic 
features ; all stations belong to one or the other of these two 
types. Then, too, the prospective tmffic to be provided for due 
to the environment of the stations has effected their design. 
There are up-town and down-town stations. Again, there are 
elevated, tunnel, and subway stations. Each type diffeiing from 
the other on account of the variations in the construction of the 
railroad. Also, the stations have been grouped into classes, 
having the same general architectural treatment. And finally 
there is a class of stations which have some peculiar feature in 
their design; these belong to the unique type. While the 
above general classifications are possible, it must not be inferred 
that each station is an exact counterpart of any other of the 
same type. As a matter of fact a separate study and design for 
each of all the forty-nine stations has been made. It has been 
necessary to do this, in order to adapt each station to the vary- 
ing physical conditions existing at its point of location. 

The plan of all stations mcludes a ticket-room, tmin-platform, 
and facilities for reachmg the stiition level from the street sur- 
face. The ticket-room may be entered from the street without 
the payment of a fare ; here the ticket booth is located. This 



Digitized by 



Google 



STATIONS OP RAPID TRANSIT RAILROAD 



175 



portion of the station is separated from the train-platform by 
railings ; the passage way between the two is controlled by the 
ticket chopper. Passengers enter and leave the trains from 
the train-platform. For all local stations below 96 th Street the 
platforms are 200 feet long, for all express stations and the 
stations above 96th Street they are 350 feet long. The shorter 
platforms will accommodate the five car local trains to be oper- 
ated between the City Hall and the 96th Street Station. The 
longer ones will accommodate the eight car express trains which 
will run as local or express trains above 96th Street to the two 
extremities of the road. No platforms are less than 9 feet wide 
at the narrowest point. All of the Subway Stations have been 
constructed as near the street surface as possible. This enables 
the station platforms to be reached, in most cases, by short stair- 
ways. The timnel stations are approximately 98, 120 and 46 feet 
below the street surface. Their platforms are reached by means 
of two elevators which have a combined capacity of about 3500 
persons per hour. In addition to the elevators a stairway is 
provided for emergencies. All of the elevated stations are 
accessible by stairways. One, however, the Manhattan Street 
Station, which is about 50 feet above the street, has been pro- 
vided with an up and down escalator. 

Usually the train platforms are level for their entire length ; 
this requires the tracks, too, to be level, opposite the stations — 
particularly the tracks used by the trains stopping at the station. 
These level stretches are obtained by raising the road bed above 
the elevation that would exist if the grades were continued 
unbroken past the station. Trains generally anive at the level 
on an ascending grade and depart on a descending one. Their 
speed is thereby retarded upon approaching a station and accel- 
erated upon leaving it. The level enables the train to be started 
quickly after the stop has been made. The station stop there- 
fore requires a minimum expenditure of time. The grades on 
the express tracks, on the other hand, are continuous through 
local stations, — in consequence of this, these tracks are often 
several feet below the level of the local tracks. 

Most of the underground stations are very well provided with 
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natural light Twenty-four of the thirty-seven stations will 
require very little artificial light during the daytime. These 
stations are all located in the Subway portion of the road. 
This is one of the particular advantages of this type of con- 
struction. The daylight is obtained through glass roofs con- 
structed over all portions of the station which are imder 
sidewalk areas. Even at night, should the artificial light fail, 
enough light will reach the stations to prevent the same from 
becoming absolutely dark. The artificial light is furnished by 
incandescent lamps, attached to waU or column brackets, or 
sunk into recesses in the ceiling. The current for most of 
the lamps is obtained from a regular lighting circuit. To pro- 
vide for emergencies, however, a number of lamps can be lighted 
from the track circuit — thus providing two independent sources 
for artificial lights. The lights are all controlled from a central 
point. The switch board is usually located in the ticket booth, 
in easy reach of the ticket seller. 

The local stations usually have two platforms. The passen- 
gers enter or leave the north boimd trains from one and the 
south bound trains from the other. These platforms are located 
on the outer sides of the local tracks, so that all tracks pass 
between them. They are extended out under the sidewalks on 
each side of the street as far as the width of the streets will 
permit, each platform being entered from its owti side of the 
street. In most cases no provision is made for crossing from 
one side of the station to the other without going to the street 
surface. At the Astor Place and Times Square Stations, how- 
ever, passageways under the tracks peimit passengers to enter 
the station on either side of the street and cross over to the 
opposite side. At five other stations — the 103rd, Columbia 
University, 168th and 181st Streets, and Mott Avenue Stations 
— passageways over the tracks but under the street surface 
permit one to cross from one platform to the other. At these 
stations, though, only one street entrance is provided. The 
north and south bound passengers use a common entrance from 
which they reach the transverse passageway and then go down 
to either train platform. 
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The main variation in the several station plans occurs in the 
ticket-room portion of the station. The outline of the tmin- 
platform changes very little. There are three different types of 
subway local stations, and several stations of special design. 
The 28th Street Station is typical of the first type of all down- 
town stations. Its plan is symmetrical about the cross street 
and the street traversed by the railroad. The train-platforms 
are usually directly opposite each other, and are built partly under 
the roadway and partly imder the sidewalk. They are about 15 
feet wide at the center and narrow to about 9 feet at the extreme 
ends. The ticket-room extends imder the cross street. It is 
about 50 feet wide and its length corresponds to the full width 
of the street between the building lines. The ticket booths, 
toilet rooms, and service closets are located in this space. Four 
stairways are provided on each side of the station, two to be 
used exclusively for entrance stairways and two for exits. 
This is the main feature of all down-town stations. The 
entrance stairways reach the station at the rear wall of the 
ticket-room, descending towards the train-platform. Passengers 
enter, purchase their tickets at the booth immediately at hand, 
and pass forward in a direct line by the chopper to the trains. 
The exit stairways leave the station directly from the train- 
platform, ascending to the street away from it. When a train 
stops at the station those passengers leaving it pass at once to 
the street without going through the ticket-room. With this 
arrangement, the greatest facilities are provided and the incom- 
ing and outgoing lines of travel do not meet or interfere with 
each other. Both the entrance and exit stairs land at the sur- 
face, close to the curbs, on the sidewalks of the cross-street — 
two on the north side and two on the south side. 

The second type or up-town stations on the Broadway portion 
of the line are similar to the 66th Street Station. The main 
difference between the plans of this and the down-town stations 
is due to the lesser facilities required. The ticket-room is only 
excavated under the cross-street to a sutScient depth to enable 
one wide stairway to be provided on each platform. The street 
entrances to the stairways are located on the Broadway side- 
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walks, on the diagonally opposite corners, instead of on the 
cross-streets as heretofore described. As before, the entrances 
are as close to the curb as possible and parallel to it. Each 
stairway is used by passengers entering and leaving the station. 
If the increase of traffic requires it an additional stairway can 
be constructed on each platform. 

The stations on the Lenox Avenue branch belong to the third 
type — 135th Street is representative of these. Their plan is 
not symmetrical about the center-hne of the ti"acks because the 
eenter-lines of the Subway and street do not coincide. These 
stations are located in the Harlem business district, therefore 
anticipating greater traffic than the Broadway stations will have, 
two stairways have been provided on each platform ; both will 
be used as entrance and exit stairways. 

The City Hall Station is unlike any other one. It is located 
on a single track loop traversed by all local trains, travellmg 
only in one direction. It has one train platform. The ticket 
house is below the street surface but not as low as the train 
platform. Two stairways enter the ticket house, from which 
point a single wide stairway descends to the train level. The 
103rd and Columbia University Stations are also of special 
design. They differ from the other stations heretofore 
described in that the ticket-room is located in a house con- 
structed on the street surface. The house is located in the 
park area in the center of the street. The single entmnce admits 
passengers to both train platforms. The station at 110th and 
Lenox Avenue has only one " island " train-platform. At this 
point it was impracticable to obtain access to two platforms 
located outside of the tmcks in the usual manner. The north- 
bound trains stop on one side of the island platform and the 
south-bound trahis on the other. 

All of the express stations are located in the Subway portions 
of the railroad. In consequence of this they are easily accessi- 
ble and well lighted with natural light. At these stations the 
local and express tracks separate and two '* island " platforms 
are located between them. The local trains stop on the outer 
sides and the express trains on the inner sides of these platforms. 
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At three points — Brooklyn Bridge, 14th and 96th Streets — the 
stations have local as well as the island platforms. All of the 
platforms are connected, either by overhead or undei^groiind 
passageways, so that passengers may transfer from one train to 
another at these points. At BrookljTi Bridge and 14th Street 
the entrance and exit stairways lead from the sidewalks to the 
ticket-room, which is beneath the street surface. At the level 
of the ticket-room floor a transverse passageway crosses over 
the tracks and local and island train-platforms, but beneath the 
street surface. Short flights of steps descend from the passage- 
way to the train platforms. The (ii-and Central and 72nd Street 
stations do not have local platforms. Passengers entering the 
former station, descend to ticket-rooms located on mezzanine 
platforms at either end of the station. From the mezzanine 
level staii-ways go down to either the up or down town "island " 
platforms. At the latter stations the ticket room is located in 
a building on the street surface. From the ticket-room passen- 
gers may descend directly to either train platform. At 96th 
Street the ticket-room local and island platforais are on the 
same level. To cross from one to another passengers descend 
to a transverse passageway crossing under the platforms and 
tracks, instead of over them as in former cases. 

The occupants of a number of the new buildings and hotels 
being erected along the route of the subway may enter the adja- 
cent stations through basement passageways without going on 
the street. In some instances the buildmg owners have sought 
and obtained permission to open the entire basement stories into 
the stations, thus providing ample show window space and 
commodious entninces through their buildings. The principal 
advantage of this feature is that it enables the stairway obstruc- 
tions on the street to be reduced to a minimum, if not entirely 
eliminated. As the property holders awake to the value of 
such connections they are filing applications for permission to 
make them. Already connections have been made with the 
Staats Zeitung Building at the Brooklyn Bridge Station ; The 
Wanamaker and Clinton Hall Buildings at Astor Place ; Hotel 
Royal at 14th Street; the Florence Apartments at 18th Street; 
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the Mercantile and Metropolitan Building, at 23rd Street; The 
(irand Central Railroad Station and Belmont Hotel at Grand 
Central; and the Times Building and Knickerbocker Hotel at 
42nd Broadway. 

The tunnel stations are local stations. Only two tracks pass 
through them. One ticket-room serves for both the up- and 
down-town platforms. It is located just below the street sur- 
face, and is accessible by a short flight of steps. Owing to the 
extreme depth of the train platforms l»elow the surface they are 
reached by a pair of elevators, which operate between the ticket- 
room level and a transverse passageway below, crossing over 
and serving both train platforms. Both platforms and the 
tracks are spanned by a large brick masonry arched roof. The 
sidewalls and floors are finished in the usual manner. 

The elevated stations consist of two platforms, one on each 
side of the street. On each platform a station house containing 
the waiting and toilet rooms, and ticket-booths is constructed. 
It is built of steel framing sheathed inside with oak and outside 
with copper. 

In constructing the stations there are two operations. First : 
building the exterior sidewalls, floors and roofs. Second : con- 
structing the interior or finishing walls, floors, and ceilings; 
erecting the stairways and toilet room fittings; and equip- 
ping the station with the ticket booths, doors, railings, gates 
and lighting fixtures. The exterior of the station is con- 
structed of steel sidewall and roof beams spaced about five 
feet apart an^ filled in between with concrete arches, the 
whole supported on a foundation floor of concrete. Over the 
platforms the roof is supported by cast iron columns fifteen 
feet apart. Those columns have ornamental bases and caps. 
Where the roof comes imder the sidewalk areas the concrete 
arches are omitted and the glass vault light construction sub- 
stituted. To prevent the ground water from finding its way 
from the outside into the station, a waterproof envelope, con- 
sisting of several layers of felt and asphalt, and protected by 
an outer shell of masonry, surrounds the whole structure — 
under the floor, outside of the sidewalls, and over the roof 
(except the vault light areas). 
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After the station has been constructed in the manner just 
described it is lined on the inside with the finishing walls, floors 
and ceiling. To reduce the condensation to a minimum, how- 
ever, and thereby make the stations as damp-proof as possible, 
a two inch air space is left between the inner and outer walls 
and ceiling. Ventilation openings are provided through these 
walls and ceilings to induce, as much as possible, a circulation 
of air in the air space. And further, in particularly wet 
ground, the air spaces are connected with pipe drains so that 
any water which may leak through the outer water proofing 
may be caught and carried away. 

The finish work has been executed from plans prepared by 
Messrs. Heins & La Farge, the consulting Architects to the 
Commission. The scope of their work included all the details 
of finishing and equipping the stations, thereby insuring harmo- 
nious results. Though the stations are numerous, they have 
succeeded admirably in giving some individuality to each one. 
This variation in design is pleasing, and besides it serves a use- 
ful purpose. Passengers may recognize their stations at a 
glance as readily as if they could see the suiTounding buildings 
in the street. The architectural treatment is rendered mainly 
on the side walls, though the ceilings are also finished in an 
ornamental manner. To accomplish the large variation in 
design necessary, the stations have been divided into several 
design groups. All tlie stations in each group are rendered 
alike in line and character of ornamental treatment, but the 
color scheme of each station in the group diffei's from all the 
others of the same group. 

The finishing sidewall rests on the floor foundation concrete 
and extends to the ceiling. It is set out two mches from the 
back wall to provide the required air space. The base of the 
wall is constructed of hard buff-colored Norman brick to a 
height of about 2| feet above the finish floor. This forms a 
durable wamscot extending around the whole perimeter of the 
station. Above the Norman brick to the ceiling or vault light 
line the wall is constructed of common brick a single brick 
thick. At about 8 or 9 feet above the floor level an ornamental 
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faience or terra cotta cornice is set into the wall. The face of 
the common brick wall is set back about 1|" from the wainscot 
line to allow for a tile finish between the wainscot and cornice 
and a Keene Cement finish above the cornice. The thickness 
of the wall including the finish is about five inches and it is 
securely anchored to tlie exterior wall of the sUition. The 
Norman brick wainscot, with a few exceptions, is common to all 
designs. The variation in the designs occur in the cornice and 
in the rendering of the tile work between the cornice and wain- 
scot. The cornices are modeled in low relief with different 
decorative motives for each group. To give greater variety and 
to fit in with the several color schemes the material is furnished 
in one, two or three colors. Opposite the platform columns or at 
intervals of 15 feet, the cornice is broken by ornamental plaques 
contaming the symbol or number of the station. The plaques 
are sometimes enriched with special designs suggested by local 
associations. The Beaver at Astor Place ; the Caravel at 
Columbus Circle ; and the Columbia University Anns at the 
Columbia University Station are examples of this. The wall 
space between the cornice and wainscot is mostly covered with 
3" X 6" white glass or glazed tile. The enrichment of the sur- 
face varies with each station. Narrow mosaic bands in single 
colors, pilasters and friezes in ornate designs of several coloi-s^ 
and cream colored glass tile are employed in the decorative com- 
positions. In some stations pilasters, located under the cornice 
plaques, separate the wall into panels about 15 feet long. The 
panels are finished off with borders of mosaic and cream colored 
tile. On other stations the pilaster effect is omitted, the wall 
only being finished at the top and bottom with bands of cream 
glass and mosaic. The mosaic colors harmonize with those of 
the faience and terrarcotta. The whole effect is pleasing and 
forms a most comprehensive scheme of ornamentation. In 
addition to this and the station numbers or symbols which occur 
so frequently along the cornice line, striking name tablets are 
worked into the decorative scheme. There are usually three of 
these on each platform, they are constructed of mosaic and form 
a central motive in the waU panels. The color of the body of 
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the tablet or background for the lettering is in strong contrast 
with the station color scheme, and its ornamentation is very 
simple, so that the tablet with its significant lettering readily 
catches the eye. The treatment of the walls of the tunnel 
opposite the island platforms is somewhat different. Glass and 
mosaics are used but they are applied directly to the concrete 
of the tunnel walls, the flanges of the I-beam columns being 
exposed to view. 

The floors of all stations are alike. They are constructed of 
concrete with a granolithic finish. The surface is blocked out 
into three foot squares. The floor consists of two layers. A 
foundation of broken stone concrete two inches thick, and a one 
inch finishing layer of Portland cement and white sand. This 
forms a durable floor of a light gray color. A small curve of 
one inch radius is formed in the floor at its junction with the 
sidewall, providing a sanitary cover around the whole platform, 
and thereby avoiding a place for dirt to collect in. The floor 
surface is usually graded to drain to several selected points, 
where catch basins are located connecting with drains leading 
to the sewer. If desired the platform surface can be thoroughly 
washed down with hose — water connections have been pro- 
vided on each platform for this purpose. 

There are two types of ceilings, finished in white Keene 
Cement. One is arched and the other flat, both are suspended 
and provided with a two inch air space imder the roof concrete. 
The former construction is used when the head-room permits 
the roof concrete to be built in an arched form, and set up 
above the roof beam flanges ; where this cannot be done the 
latter construction is used. To construct the arched ceiling, 
one inch channel irons are bent to conform to the concrete arch 
and supported on the roof l)eam flanges. These irons are spaced 
about 12 inches apart and form ribs upon which galvanized iron 
wire lath is fastened with clips. Upon the latter surface three 
coats of plaster are applied, scratch and brown coats of Port^ 
land cement mortar and a finish coat of White Keene cement. 
The girder and beam flanges running over the platform columns 
are covered with wide ornamental plaster molding which sepa- 
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rates the ceiling into panels. All other flanges remain exposed. 
In the flat ceilings, however, all steel and concrete in the roof 
of the structure is concealed. The irons supporting the wire 
laths are clipped under the flanges of the beams and girders. 
The plaster coats are applied in an even surface over the whole 
area. Wide ornamental molding running from column to column 
as before, form ceiling panels which are further decorated with 
finer moldings and rosettes. In addition to minimizing the 
condensation, the air spaces back of the walls and ceilings are 
utilized by the electricians to conceal all the lighting conduits. 

More than the customaiy toilet room provisions have been 
made. In addition to the usual outfit, each toilet room con- 
tains a pay closet, admission to which is controlled by a nickel- 
in-the-slot lock. This room is fitted out with a basin, mirror, 
soap and towels. The toilet room fixtures have all been 
designed especially for the Subway work. They are made in 
porcelain, and finished with dull nickel fittings. None of the 
soil, vent or water pipes are exposed, but in order that they 
may be easily accessible for repairs they are run in wall spaces 
back of the wainscot. The floors are of concrete similar to the 
regular platform floors. The walls are finished with a wainscot 
6 feet high, and above this in White Keene cement. In many 
cases the ceilings are of glass vault light construction, otherwise 
they are finished in Keene cement. The partitions are finished 
to the same heights as the wainscot and are supported and 
fastened with dull nickel fittings. The wainscot and partitions 
have been furnished in red slate or marble. A small electric 
fan in each room produces the necessary ventilation. The only 
heat provided in the stations is furnished by electric heaters 
installed in the toilet rooms and ticket booths. All the wood- 
work is of oak finished in the natural color. Most of the sta- 
tions are below the sewer levels, so that it has been necessary to 
raise the sewage to the sewers. Automatic air ejectors are 
employed for this purpose. The air for operating them is fur- 
nished by a small compressor plant installed in each station. 

The ticket booths are constructed of oak finished in the natu- 
ral color. They are ornate in design and are finished with 
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bronze window grilles and fittings. The railings are con- 
structed of wrought iron pipe and special cast work The 
stairway grilles and exit gates are of simple design in wrought 
iron. At the stations all exposed metal work has received a 
finishing coat of paint. The column bases and all railings, 
grilles and gates have been pauited a dark green color, all other 
metal with white enamel paint. 

The stairways are constructed of concrete reinforced with 
twisted steel rods. This type of construction was best adapted 
to the conditions existing in the Subway, and was most effective 
and economical in design. The treads and landings are covered 
with lead safety treads. The stairwell openings at the street 
surface are usually covered and protected by kiosks constructed 
of cast iron and wire glass. These structures are ornamental 
and are designed to occupy as little of the street surface as 
possible. 

All stations are equipped with heavy oak seats of special 
design. Electric clocks on each platform indicate the correct 
time. The ticket-booths contain a fire alann and telephone 
service. Should a passenger fall off a station platform upon 
the tracks, by pushing a button set in a conspicuous place sig- 
nals can be set in the face of, and so stop, aU approaching 
trains. 

The numerous details of the station finishuig work are exe- 
cuted by different sub-contractors. Generally the contracts 
have been let upon a percentage or unit basis. This has been 
done because in most cases it was necessary to obtain contracts 
and proceed with the manufacture of the materials needed, and 
the execution of the work, before all the plans were completed. 
The plan has proved to be satisfactory. Approximately one 
and three quarter million dollars will be expended upon the 
finishing work. 

In conclusion I desire to express my obligations to Mr. 
Parsons, Chief Engineer to the Commission, for permitting rae 
to make use of the matter employed in the preparation of this 
article. 
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PROBLEMS OF AN ARCHITECT IN THE 
REMODELING OF NEW 70RK CITT. 

By John A. Gade, New York City. 

The most frequent problem presented to-day to the architect 
in New York City, is the remodeling of one of the endless rows 
of dwelling houses built from 1850 to 1890. Miles upon miles 
of these were erected directly after the Civil War, with a two to 
three inch ashlar facing (becoming 4" in later years) of what now 
is popularly termed " browastone." It is a brown laminated 
sandstone, the first such to be quarried in this country, and 
came principally from Portland, Connecticut. Though not sub- 
ject to direct disintegration, frost affects it, moisture penetrates 
the laminations in the stone, and its outer surfaces and angles 
very soon begin to peel and scale off in so decided and rapid a 
manner, that architects cannot consider its use for exterior sur- 
faces. Added to the weakness of the cementing materials in 
the stone, came also its faulty laying, the courses almost invari- 
ably being set on edge, instead of on their natural bed. Its 
disintegration led, after a number of years, to the establishment 
of about as many stone renovating and stone repairing com- 
panies in New York City as offices of new and better quarries. 
Not a summer would pass without the scaffoldings of artificial 
stone companies hanging, at least one, in front of every block, 
the masons chipping off the loose surfaces and skillfully apply- 
ing new coatings of ground brownstone and Rosindale cement, 
colored to match as accurately as possible with brown umber 
and lampblack, and finally bleached to an exact resemblance to 
the adjoinhig surfaces. 

Besides the " brownstone " fronts, a number were built out of 
Potsdam stone (also a sandstone, but of more dimible type), and 
of Lee and Tuckahoe marble. 

Almost all their elevations were miserable, both in propor- 
tions and detail. The greater number were as similar one to 
another, as peas in a pod, and designed directly by the builder 
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or contractor. The carving and ornamentation was of the heavy, 
meaningless, elaborate type, characteristic of all the architecture 
and furniture of the period. The best that at present can be 
done with it is to give it an entirely clean shave. This poverty 
in the facades is not to be wondered at, for it was the outcome 
of merely speculative building operations, and the purchasers 
of the houses bought them with less individual fastidiousness 
than they would have displayed in the purchase of a hat. 

The plans are similarly identical, this to a certain extent 
being occasioned by the houses being more nearly of uniform 
width than at present, varying merely from 16 to 30 feet, per- 
haps, instead of from 16 to 100. It is quite interesting to note 
the origin of their structure. One can still find examples of this 
in a few of the older specimens preceding the brownstone inva- 
sion, lying in the old (ireenwich village, stretching west of the 
Jefferson Market Courthouse and on the old Cherry Hill, 
around Franklin Square, and the New York end of the Brooklyn 
Bridge. 

In these houses there are no cellars at all, the basement was 
the storehouse, and as it was not used for living puiposes, 
could be built at a sufficiently low level to enable the family to 
enter the ground floor of the house by three or four easy steps. 
The house was thus originally what is now called an " English 
basement" in opposition to the "American basement," entered 
either on the same level as the sidewalk, or by going down a few 
steps. 

The necessity for more storeroom, greater conveniences, and 
the employment of the basement for servant's quarters and 
service, raised it, so as to admit more light and air. Hence the 
high stoop. Further, the whole house was stretched, becoming 
in the larger examples, as much as sixty feet deep, and allowing 
the centre of the house on the bedroom floors, wardrobes, closets 
and lavatories ; on the ground floor, between the long, narrow 
pallor in front and dining-room in the rear, there arose a fune- 
real library. The hall rooms, in the rear of the bedroom floors, 
l)eeame bathrooms. In the earlier houses, toilet conveniences 
had been in a separate house in the l)ack yard, and of bathing 
ccmveniences there had heen none. 
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Modem plumbing dates from some time immediately preced- 
ing the Civil War, — in fact the first definite and effective 
regulations are scarcely older than 1880. Back-air piping and 
the use of extra-heavy piping is only about twenty-five years 
old. Modem plumbing came from England. An Englishman, 
J. J. Hellyer, was the father of it, and the first to employ to it 
truly scientific and hydraulic methods. Merely pan closets and 
tin tubs had been in use before his time. He invented the 
hopper water-closet, which is the prototype of every modern 
one, and he commenced the wide and extensive manufacture of 
all kinds of fixtures and plumbing goods which he shipped to 
the United States (mainly to Boston). Their immense sanitary 
value, and their comfort, were instantly realized and they were 
placed in every newly erected dwelling house, piping and fix- 
tures always carefully enclosed and ceiled where defects could 
not be reached, but dust might accumulate. 

In connection with the foimdations of the many brownstone 
houses, it is of interest to notice the old topography of the 
city. One of the great difficulties New York architects and 
engineers have to contend with, is the careless manner in 
which underground watercourses were cared for when the city 
first started extensively extending north of City Hall. The 
citizens, instead of making provisions for the subsurface 
streams and swamps and lakes, by building proper conduits 
draining them off to the Hudson and East rivers, merely 
filled them in. The result is, that there are at present, rnider 
the city at various points, good watercourses, which have only 
partially been taken care of, as the occasion and necessity 
have arisen. In cases where diverting or draining becomes 
too expensive, piling is resorted to, or one is obliged to dig to 
such surface as one deems solid. In two of the last altera- 
tions I have made, I was forced in one case to pile, in the 
other to go down with my concrete footings thirty-two feet 
below the level of the sidewalk. 

The result of the insecure bottom below the ** brownstone " 
foundations has been that the greater portion of the houses 
have settled. Hardly two rooms have the same dimensions at 
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opposite ends of the room, nor do ceilings in the front and rear 
of the same story measure the same height. These inaccuracies 
were partially due, it is true, to the fact that party walls were 
rarely built plumb, but often 4"-6" out. The old survey records 
are so miserable that architects and engineers have largely to 
depend upon private ones. The party walls were naturally 
inventions of the speculative builder. 

The basements had 24" stone walls, the ashlar in this storj^ 
projecting 4" in front of the face above, 12" of brickwork backed 
it, except in the rear, where the top storj^ would generally be 
cut down to 8". Internally the walls would he furred with 
studs to give the requisite depth for the folding blinds to lay 
back flat. The brickwork of the walls themselves discloses poor 
bricks, miserably laid, and cement far inferior to good, modem 
brands. 

The stories were approximately built of the following dimen- 
sions: Cellar 7'-0°; basement 8'-0° ; first floor 18 '-0°; second 
floor ll'-tr; third floor ll'-O"; fourth floor 9'-(). 

The framing was universally 2" x 10" l)eams, while we at 
present use a mininmm thickness of 3". 

In only a few points can we look back with regret to the 
workmanship of these houses. One so often liears inexperienced 
owners or house-hunters of to-day sigh at theii* own remarks, 
*' that we no longer build as they used to," '* that we employ 
poorer materials and woree labor." This is ncmsense. We do 
build as well, at least capable and conscientious architects and 
contractors do — except where the client, righteously half- 
maddened by strikes, endeavors to liurry the work beyond the 
point where it can be executed to its best advantage. The 
houses built " on spec " are naturally exceptions to my denial. 

The cast iron ornamentation used in tlie brownstone houses, 
reached a very high grade of perfection. One has merely to 
compare some of the lumbersome old balustrades enclosing the 
stoops, with some of the slighter modern ones, to observe the 
difference in their casting. The old show a far superior knowl- 
edge of casting, are sharper and cleaner cut, though their design 
may be ugly and their detiiils at present clogged with successive 
coats from unskilled painters' brushes. 
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In regard to the interior wood, the sigh for the old is cer- 
tainly more justified. Take for instance some of the magnifi- 
cent mahogany doors, with wonderfully grained and polished 
panels, some of them 10' high and 3' broad. Their wood grew 
in the lowlands and swamps of San Domingo, where there also 
naturally was a limited stock. Chippendale was the first to 
realize its value, not because of its beauty but because of ita 
strength, which enabled him to make durable furniture of the 
delicate proportions he desired. The first exportation thua 
went to England — New Yorkers procured some of the last of 
the best stock. The old doors and panels were veneered 
with slabs from §"— J^" and more thick, while our modem onea 
seldom have a veneer more than from ^^" ~ ^^'* thick, and 
the greater portion of them are made of baywood, though 
delivered as mahogany. In the old ones, the wood for trim- 
ming the rooms, was first selected, as it would be for violins, 
after five to ten years' standing and absolute drying. Now we 
force our drying, we specify "kiln-drying," meanmg a rapid, 
injurious closing of the pores, generally accomplished in two 
to three weeks' time ; finally we heat our houses in a manner,, 
and to a degree, far above the resisting power of any wood- 
work, whatever process it may previously have experienced. 

The moldings and ornamentation of much of the interior 
trim in the "brownstone" houses were as offensive as those 
of the exterior stone-work, but the trim was, when finished, 
better put together by the carpenter of the old house than by 
the carpenter of the new. (I am speaking of carpenter and not 
cabinet work.) The i-eason lies in the fact that the mechanic 
in old days not only carved the wood but also fitted it, now he 
receives it machine carved and machine fitted and merely tacks 
it together, with no leaway or fitting left for careful adjustment. 
Wood being so much cheaper likewise caused cross-sections to 
be made of much more generous proportions. It interested me 
to notice that some houses (much earlier than of the type in 
question) had wooden window sills 5" x 6'' thick, now we sel- 
dom make them more than 2". 

A hundred years from to-day one will probably hunt with 
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difficulty in the fashionable resident district of New York City 
for a single one of the old brownstone fronts. They will all 
either have been torn down or altered. The reasons for their 
disappeai-ance are the demand for more room, better lighting, 
sufficient heating, entirely new plumbing, and interior arrange- 
ments more in accord with modern social conditions. 

The first step, incurring the least interior rearrangement for 
the procuring of more room, was the addition to the old house 
of a one-, two-, or three-story extension, giving laundry, servants' 
toilet, pantry, backstair and ballroom. This extension has, 
during the last twenty years, been constantly tacked on to the 
backs of New York houses, to a greater or less height. 

The second step was radical. The exterior windows were 
rebuilt and the rooms replanned so as to admit better light 
everywhere, all the central closets and lavatories were exter- 
minated, and new ones planned, well lighted by large skylights 
or lightshafts, the dark staircases were replanned so as to jidmit 
direct light on some of the landings, and the small purple and 
amber headlights were changed to lights four to five times their 
size, and of the most practical brilliancy. Electricity replaced, 
or was coupled, with gas. Steam and hot-water plants were 
introduced. Furnace flues and pipes of decent, efficient sizes 
substituted the old ducts. Completely new **opeii " plumbing 
was put in, and living rooms and bedrooms planned and detailed 
so as to look comfortable, cheeiful and livable, instead of 
sepulchral, depressing and intolerable. 

The exteriors were either entirely rebuilt, the new front much 
to the detriment of the streets, being brought out to the building 
line, and erected hi a buff or blue Indiana LimesUme, Milford 
granite, marble, Potsdam stone or brick — with or without stone 
trimmhigs ; or the exteriors were recut and retrimmed and the 
mam entrance of the house lowered from the ground floor to 
the basement, at whatever distance this might be below the curb 
level, the stoop thus entirely behig done away with. In a few 
instances there may, externally, merely have been a "renovation," 
the changes limiting themselves to the replanning of the house 
in connection with a large extension extendmg either the total 
width of the lot or merely a portion of it. 
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As to the designs of the exteriors : the first Colonial epidemic 
has been followed by every possible style, — by Gothic arches, 
every period of Italian and French Renaissance, by Classic detail, 
and the very latest development of Beaux- Arts Cartouche and 



HOUSE NO. 2 BEFORE ALTERATIONS. NOS. 3 AND 4 AFTER ALTERATIONS. 

mud ornament. It is by accident and not by intention that 
two facades in a block hang together. 

But out of all this change, this endless wearing away and 
rebuilding by the current of architectural thought, limited by 
necessity to such narrow channels, what deductions can one 
draw? 
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These. 

Decided ideas and interest have been awakened in the owner 
of the house, as to its interior and exterior appearance. Modem 
phimbing is, without exception, insisted on by the owner, and 
enforced by the law, sunlight is admitted in our home and city 
life, a8 well as in our out-of-door and country life. We can 
without freezing or huddling next to heating flues and fireplaces 
remain comfortable in all portions of the house and we can tell, 
as we turn the comer of our block, what house-front represents 
our own individual taste, instead of fumbling hopelessly with 
our latchkey in ovu* neighbor's door taking it for its twin 
brother next door. And the general interior arrangement 
shows the result of our study and earnest striving in this 
portion of the world to procure in architecture more logical 
expression of the artistic aspirations and practical requirements 
of our social conditions. 

The greatest Norwegian artist answered me after visiting this 
country, when I asked him what impression the great American 
cities had made on him : Philadelphia — a red symphony, Bos- 
ton — a yellow simplicity. New York — a brown blotch. 

Impressions may be counteracted, realities cannot. 
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THE HAVANA POLICE SIGNAL SYSTEM. 

By H. DuB. B. Moorb. 

With the lowering of the Spanish flag from above the walls 
of Mono Castle on December 10th, '98, there closed an interest- 
ing epoch in the history of the island of Cuba. For neariy four 
hundred years Spain had occupied the island and duiing that 
time she had done much, and yet left much undone, which con- 
tributed directly to its welfare. 

But with the evacuation of the island by the Spanish troops 
died the last remnant of Spanish civil government and it neces- 
sarily became one of the chief cares of the American occupation 
to create efficient governmental machinery to supply its place. 

The municipalities were among the first to receive attention, 
and the city counsel of Havana was speedily reconstructed on 
modified Spanish lines. With the reconstruction of the counsel, 
logically came that of the various municipal departments and, 
as to be expected in a city so recently left without a govern- 
ment, the police received a full share of thoughtful considera- 
tion. With this end in view, a gentleman of great ability who 
had been connected with the New York police for many years, 
was given the task of forming an efficient and adequate force. 
At first the organization closely followed its American model, 
but it has since been modified to some extent to meet the local 
conditions. 

The City is divided into twelve (12) precincts, including the 
town of Reglan which lies across the bay much in the manner 
that East Boston does from Boston. Each precinct has a cap- 
tain, four lieutenants, who perform the duties entrusted to the 
sergeants of the New York force, and sergeants who correspond 
to the New York '' roundsmen." The number of men attached 
to each station varies with the size of the precinct. The " two- 
platoon" system is in use, each man having so many hours on 
patrol, so many in reserve in the station house, and so many 
hours off duty each day. 



Digitized by 



Google 



THE HAVANA POLICE SIGNAL SYSTEM 



199 



The whole force is directed from the police headquarters, a 
large, centrally located building known as '* la Jefactura," where 
are situated the offices of the chief of police, adjutant, pay- 
master, and other general officials. 

The following table will give some idea of the size and dis- 
tribution of the Havana police. 



Name of Precinct. 



Pilar 

Vedado 

Jesus del Monte 

Cerro 

Regla 

Jefactura 

Vivac 
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Remarks. 



Police Headquarters. 

The Vivac is the city prison and is 
garrisoned by rural guards fur- 
nished by the state but paid by the 
city and officered from the police. 

Not including Vivac men but in- 
cluding officei-s. 



With the reorganization of the police came the question of the 
advisability of installing a signal system for the use of the force. 
The points to be considered were discussed at some length and 
finally resolved themselves somewhat as follows : (a) That the 
installation of any system entailed a considerable outlay of 
money for a city impoverished by a long continued war ; and 
(b), that such an installation necessitated an annual appropria- 
tion for its maintenance. On the other hand its advantages 
were such as could not readily be overlooked. Such a system 
gave the station house a constant control over the men cm their 
beats. By a regulation requiring them to report from tlie 
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signal boxes on their beats every half hour, the lieutenant on 
duty at the station could, by means of the telephone, give the 
men any necessary instructions. The men in like manner 
could call up the station at any time for advice or orders. 

Another important feature was that it prevented the men 
from leaving their posts thus lightening the duties of the 
sergeants on patrol duty and at the same time it protected the 
men from false charges of being off post. Furthermore it 
enabled the policeman in case of an arrest to call the patrol 
wagon to take the prisoner to the station and obviated the 
necessity of his leaving his post unprotected for an uncertain 
length of time. This ability to communicate with his station at 
any time would also enable each man to effectively cover a much 
larger teiTitory, and thus an unnecessary increase in the number 
of men could be avoided. Another idea which presented itself 
was that the system could be used as an auxiliary for the fire 
department. At present the fire department depends upon a 
number of telephones scattered in private houses and stores 
throughout the city. These telephones are connected directly 
with fire headquarters, but the service and maintenance are 
wretched. 

It was decided by the city upon consideration that the advan- 
tages more than counterbalanced the additional expense entailed. 
Especially as after the initial cost of the system was met, its 
maintenance would be far less than the salary of the additional 
men otherwise necessary. 

The system decided upon was what is known as the " Game- 
well System " which is employed in a great majority of Ameri- 



Symbols explanatory of diagram on opposite page: 

1 in circle — Stations marked thus with proper no. of precinct. 

J in circle — Jefactura marked thus. 

X in circle — Fire stations marked thus. 

X Emergency hospitals marked thus. 
• Boxes marked thus. 
I I I I Fixtures " " 
12 3 4 5 Boxes numbered thus. 

Precincts numbered in large numerals. 
Precinct boundaries marked thus. 
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can cities, and has been in successful operation for many years. 
In the " Gamewell System " each precinct is a complete unit, 
the station house being the point to which all lines converge. 

The boxes are placed throughout the precinct, at least one, 
on each patrolman's beat. Generally speaking one box can be 
used by two men by placing it at the intersection of two beats. 
They are made of heavy cast iron and contain a lighter cast iron 
interior box. The outer box or shell serves as a protection from 
the weather and against mechanical injury. Each box contains 
two absolutely distinct circuits, one a telegraph and the other a 
telephone circuit. On opening the outer door, to which every 
policeman has a key, there is disclosed to view the door of the 
inner box carrying a dial plate with seven signals. In the 
Havana installation these were arranged as follows : — 

1. Carro (patrol wagon). 

2. Ambulancea (Ambulance). 

3. Telefono (Telephone). 

4. Incendio (Fire). 

5. Reserva (Reserve). 

6. Reports (Report). 

7. Official (Official). 

Below the dial plate is a small pointer set on the signal 
'* Carro " whose position can be shifted to cover any of the above 
signals. Below this again is a handle. Now the operation the 
policeman must go througli to send a signal, is merely to set the 
pohiter upon the desired call and pull the handle down as far 
as it will go. He then releases the handle which together with 
the pointer returns to its original position. 

All this concerns only the telegraphic circuit which, roughly 
speakmg, operates as follows : Each twelve or fifteen boxes in 
the precinct constitute a circuit and each box on the circuit is 
connected up in series with the rest. By an automatic device, 
closing the outer door short circuits the box throwing it off the 
line. The line itself is supplied by some thirty closed circuit 
gi*avity cells or, in the case of a large city, from a central storage 
battery charged from any available source of supply. In Havana 
each prechict had its own battery of 6 " x 8 " gravity cells. 
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Opening the outer door throws that particular box on the cir- 
cuit. The signal is then sent by means of what is known as a 
" break wheel," — a small wheel containing a number of notches. 
Pressing against the edge of this wheel, by means of an adjust- 
able spring, is a smaller wheel attiiched to a small lever. At 
the other end of the lever-ann is a platinum contact. PuUing 



the handle whids the clockwork meclianism and causes the 
" break-wlieel " to revolve. As the wheel revolves the notches 
allow the smaller wheel to drop and break the circuit by sepa- 
rating tlie platuuim contacts at the other end of the lever-arm. 
This breakhig of the circuit causes an automatic register in the 
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station-house to record, iii ink, on a paper tape, not only the sig- 
nal but the number of the box. A recording clock in the sta- 
tion is operated at the same time stamping on the tape the time 
and date of the signal. 

Inside the box and in series with the circuit is a small electric 
bell which repeats the signal, so that the policeman knows the 
box is working satisfactorily. This bell can be operated from 
the station by means of a push button which breaks the circuit 
and is used to notify the patrolman he is wanted at the telephone. 
It has yet another use. Should a policeman on opening his box 
find his bell ringing he knows at once another signal is being 
sent. This is so, because all the boxes are in series and open- 
ing this door throws his box on the line. If the line is in use, 
his bell being in series with it, will repeat whatever signal is 
being sent. When this occurs the policeman must wait until 
the signal is finished, otherwise the two signals will conflict. 

The signals used are of the dot and dash variety, and the 
numbers of the boxes are shown by dots. 

1. Carro 

2. Ambulancia 

3. Tel^fono 

4. Incendio 

5. Reserva 

6. Reports 

7. Official 



For example, suppose the policeman at box No. 143 wants the 
ambulance ; the signal received at the station would be : 



Ambulancia 14 3 

The first five signals on the dial plate of the box are what 
are known as emergency signals. If the register receives any 
pne of these it is so arranged as to automatically throw a drop, 
operating a bell which rings continuously until the drop is 
replaced. 

The object of this is to notify the lieutenant in charge of the 
station that a signal has been received that requires his immedi- 
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ate attention. The " reporte " and " official " signals, the latter 
being used by the sergeants in reporting, can be checked up 
daily and therefore do not require his attention. 

At the station end of the line the apparatus consists of a desk 
on which all the instruments are placed. Each telegraph cir- 
cuit comes to a relay. The relays are of the double contact 
telegraph type with platinum contacts, the register, time-stamp 
clock, emergency bell, drops, etc., all being operated on second- 
ary circuits equipped with open circuit batteries. The register 
is provided with a separate pen for each telegraph circuit so 
that signals can be received from boxes on the various circuits 
at the same time without interference. Each circuit is also pro- 
vided with its own drop. There is also a transmitter dial by 
means of which the number of any box can be transmitted to an 
indicator located in the stable where the patrol wagon is kept. 

But to return to the interior door of the street box. Below 
tlie telegraphic apparatus is a mouth piece screwed into a hole 
in the face of the door and to the right a hook on which hangs 
a receiver. There is no magneto. When the policeman wishes 
to use the telephone he places the pointer on the third signal, 
pulls the handle and places the receiver to his ear. At the sta- 
tion the register records the signal and time, throws the drop, 
and the bell calls the officer in charge to the desk. 

The arrangement of the telephone circuit is very different 
from that of the automatic telegraph. A metalic circuit is used 
and the instruments all placed in parallel. Removing the 
receiver from the hook throws in the dry battery, with which 
every box is provided, and throws the instrument on the line. 
At the station house the instrument desk is provided with a 
desk telephone which can be thrown on any line by means of a 
row of switches. 

There remains but one feature more in tliis summing up of 
the most important points of the system, and that is the 
" Citizen Key Attachment." Each outer door of the boxes con- 
tains a keyhole marked Citizen's Key. When a key is inserted 
in this lock it passes through the outer door and enters a socket 
cut in the base of handle on the inner door. When the key is 
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turned it pulls down the handle in the manner before described. 
This lock is a trap lock and once the key has been turned it 
cannot be withdrawn without unlocking the outer door. As the 
dial pointer always returns after use to the first position, using 
the citizen's key invariably sends in a call for the patrol wagon. 
Some fifty keys are distributed among the responsible residents 



of each precinct., and in the absence of a policeman serve as a 
valuable aid in obtaining police assistance. 

In the installation of the apparatus in the City of Havana there 
were but few changes made and those of an entirely non-essential 
character, such as casting the outer doors of the boxes with Span- 
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ish inscriptions, etc. The entire equipment to all purposes was 
the same as that used by cities in the United States. 

The local physical conditions met with presented no great dif- 
ficulty. Havana, except in the poorest outlying districts, con- 
tains no wooden houses, the material exclusively used for build- 
ing being coral rock. This coral rock is a soft cream white 
stone capable of being sawed or hewed into shape with an adz. 
It has the property of hardening slowly on exposure to the air. 
The exterior of the houses are plastered and painted with water 
colors to suit the owner, generally sky blue with white trimmings, 
although light yellow with red trimmings is also a favorite. The 
roofs in the better part of the city are flat and tiled, with the 
walls extending far enough upward to form a heavy parapet, 
their thickness at the top being some two feet or more. Besides 
this type of roof there is a cei^tain percentage of houses covered 
with either the Spanish or French red tiles, but the greater 
majority, by far, are of the above class. 

The streets in the old part of the city are extremely narrow, 
being barely wide enough for two vehicles to pass. This has 
resulted in an ordinance that traffic shall move but one way — 
up one street and down on the next pamllel one. In this sec- 
tion the sidewalks do not average more than two or three feet 
in width. 

These conditions precluded the use of poles to any extent, 
and as there are no existing underground conduits, the situa- 
tion plainly indicated roof fixtures. 

Where but three or four wires were to be carried the fixture 
consisted of a 2" x 4" cross section of yellow pine upright 
pointed at the upper end. To this a cross arm was fastened 
by means of a 5" x |'' machine bolt. The cross arms were of 
a special design slightly heavier than the usual standard four 
pin cross arm, mineml painted and bored for 1|" diam. pins. 
The pins were of the best oak and also mineral painted. 

Standard, deep groove, glass insulators were used. These fix- 
tiu'es were fastened in place by 15 six inch wire nails driven into 
the walls of the buildings. The majority of the fixtures were of 
this class, but where more than five lines were carried a heavier 
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fixture consisting of a 3" x 4" cross section upright, carrying 
two 4-pin cross arms was substituted. These latter were held 
in position by two iron clamps cemented into the walls. Smaller 
fixtures were treated in similar fashion whenever the walls were 
too soft to give the nails sufficient hold, 

Poles were necessary in some of the newer portions of the city, 
and for a four wire line consisted of a 4" x 4" x 30' pole with 
a four pin bolted cross arm. For one line canying twenty-two 
wires, 8" x 8" x 40' poles were used with three 8-pin cross 
arms. 

Number 8 galvanized iron wire was used for guying all fix- 
tures and two twisted wires for the light poles. 

The line itself was constructed of No. 12 B. & S. hard 
drawn, weather-proofed copper wire and all joints were of the 
three wire type and soldered. 

The total number of street boxes installed was 142, these 
being divided among the precincts as follows : 

1st Precinct has 21 boxes. 



2nd 




U 


19 


3d 






20 


4th 






17 


5th 






23 


6th 






21 


7th 






21 



These were placed at the comers of the streets upon the walls 
of the abutting buildings. A heavy " back board " cut in the 
shape of the box and 2'' thick was first nailed with 6" wire nails 
to the wall at the desired height, and to this the box was 
secured by means of three 2" wood screws. The four wires 
were brought down from the nearest fixture to a "dead end 
arm " of yellow pine 2' 6" x 4'' x 2" thick, planed, its outer 
edges beveled, and carrying four No. 3 porcelain insulators 
equally spaced. This dead arm was nailed directly above the 
box. From this point the wires were carried to the inte- 
rior connections of the box through a ^" galvanized iron pipe 
extending from the box upward some eight feet. The wire 
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used to make this connection between the "dead end arm" 
and the box was No. 12 B. & S. soft drawn, weather-proofed 
copper wire. As each box is provided with a lightning arrestor 
a ground was necessary. In this case the grounds consisted of 
a ^" iron pipe six feet long to which was soldered a No. 10 
B. & S. soft drawn bare copper wire. This was carried into 
the box through a ^ galvanized iron pipe extending downward 
from the box to 3" below the pavement. 

The lines entering the stations went to racks fastened to the 
exterior walls and thence through lightning arrestors into the 
building by means of ^" porcelain tubes. All the interior wire- 
ing of the stations was done with No, 16 damp proof office 
wire, and all lines entering the instrument desk passed through 
^ ampere fuses. The interior of the desk was also equipped 
with other lightning arrestors. 

In addition to the regular "Gamewell System" an auxiliary 
telephone system was installed. A telephone exchange of thirty 
lines was placed in the Jefactura with wires to seven station 
houses, to the Vivas, to the office of the mayor, fire department, 
emergency hospital, etc. 

All the work was performed during the winter or dry season. 
During the summer season the city is subjected to tropical 
showers and although the rain seldom lasts for more than a 
couple of hours, it rains almost every afternoon from May to 
September with surprising regularity. This is something of a 
hinderance as the rain is so severe while it lasts that the men 
cannot work outside. 

The climate, however, is not without its advantages as there 
is no ice or snow to contend with and even the coldest day in 
winter does not send the temperature much below 65° F. 

Labor is somewhat inefficient. The force employed on the 
work consisted of an engineer-in-chief who exercised a complete 
control as the company's representative in Havana. Also one 
assistant engineer who combined the duties of draughtsman, pay- 
master, inspector, timekeeper and all round utility man. The 
head foreman was an American with some previous knowledge of 
the " Gamewell System " and of the Spanish language. There 
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were two classes of linesmen employed, the fiiTit consisting of 
Americans who were intrusted with connecting up the boxes 
and circuits and the interior wiring of the station houses. The 
second class, composed of Spaniards and Cubans, were employed 
in stringing and tying up the line. In addition to the linesmen 
a force of laborers was used in erecting the fixtures and poles 
and also as helpers to the linesmen. 

The work was taken precinct by precinct after the following 
method of procedure. A gang would be started erecting fix- 
tures and poles as located by the head foreman. These would 
be followed by another gang stringing, pulling up, and tymg 
the wires. After this second gang came the first class linesmen 
cutting in the branch circuits and connecting up the street 
boxes. Simultaneously another gang erected the boxes at their 
proper locations. 

Attached to each gang was a mule cart to carry tools, ladders, 
fixtures, boxes, wire, and other necessary supplies. Each gang 
had its own foreman or " capataz " accountable to the head fore- 
man who took a general supervision over all. 

Every morning each ** capataz " was obliged to turn in to the 
inspector a report card showing the work of the previous day ; 
and it was the duty of the inspector to examine and pass upon 
that work. 

All tools and supplies were kept at a central storeroom and 
workshop where two carpenters were employed in making fix- 
tures and preparing other necessary material. 

The wiring of the station houses was left until the last and 
after the completion of all outside work. 

In all, seven precincts out of the twelve were installed, only 
seven being called for by the contract. These seven precincts 
constitute the entire city proper, the remaining five in reality 
being suburbs where the houses are more or less separated from 
each other by grounds or gardens. 

The work was not rushed, it being thought better to employ 
fewer men and take more time. No work was done on Sun- 
days, and eight hours constituted a working day. 

The men started work at 7.00 A. M. 
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Stopped for breakfast at 10.30 A. m. 

Started again at 12.00 M. 

And stopped for the day at 4.30 p. m. 

The first gang left the storeroom to go to work on January 
4, 1901, and the system was completed in every detail by the 
last week in May following. 

The force varied greatly in size from time to time but never 
exceeded thirty men, and at first and last was much less than 
that number. 

In closing no little praise must be given to the memory of the 
engineer-in-chief who, imselfishly, with no thought of what suc- 
cesses or triumphs the future might hold in store, gave up his 
life that the work of the present might be faithfully accom- 
plished. 
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THE INDUCTION MOTOR. 

C. A. ADAMS. 
{Continued from June Issue.) 

In the first part of this article (in the April number of the 
Journal), the imderlying principles, the structure, and the ele- 
mentary theory of operation of the induction motor were con- 
sidered ; in the present number a more careful analysis will be 
made of the currents, e. m. f.'s and fluxes, and their variation 
with the load. 

Currents, When analyzing the effect of the polyphase pri- 
mary currents in the production of a revolving field, the m. m. f. 
of the secondary currents was entirely neglected ; that is, the 
analysis applied strictly only to no-load conditions, when the 
armature speed is nearly synchronous and the secondary current 
is very small. 

But as the load increases, the slip and secondary current 
increase, at first in nearly the same proportion, and there must 
be a corresponding increase in the primary current. As in the 
familiar transformer analysis, this increase in primary current, 
over and above that necessary to produce the revolving field, 
may be viewed from two standpoints; either as an energy- 
component to supply the demand for increased power; or as 
a component whose m. m. f. just balances that of the secondary 
current; leaving as a total resultant m. m. f. one equal to that 
of the primary no-load current. This latter is usually called the 
exciting current. The approximate constancy of the mutual 
flux and hence of the exciting current will be discussed in the 
following paragniphs. 

Fltij-es. As ui the case of the transformer, there are three 
fluxes ; that linked with both primary and secondary windings, 
whicli may be called the mutual or gap* flux, whose m. m. f . is 
the resultant of those of primary and secondary currents ; that 

* Since it crosses the air gap from primary to secondary. 



Digitized by 



Google 



INDUCTION MOTOR 



213 



linked with only the primaiy winding, called the primary leak- 
age flux, and due solely to the m. m. f. of the primary cuiTent; 
and the secondary leakage flux, linked with only the secondaiy 
winding, and due solely to the m. m. f . of the secondary current. 
Each of these fluxes is in phase with its respective m. m. f. 
except in so far as core losses may give a slight lag to the flux. 
As both the primary and secondary windings are distributed 
along the periphery of the air gap, it is evident that no one of 
these three fluxes links as a whole with the whole of either 
winding (see Fig. 11a, page 70), even in the case of a two-pole 
machine. Thus the primary leakage flux may be defined more 
exactly as the flux which links with a larger part of the pri- 
mary than of the secondary. Similarly with the secondary 
leakage. From this point of view, the leakage fluxes may be 
considered to a large extent as distortional mther than as inde- 
pendent fluxes. That is, the leakage fluxes when superposed 
upon the main flux, yield a resultant distorted flux, which is 
the actual flux. The arbitrary separation of this actual into 
mutual and leakage fluxes is made as a matter of convenience 
in calculation and analysis ; it is legitimate in calculation only 
in so far as the reluctance of each path is independent of the 
flux therein, since it is evidently impossible to calculate with 
any accuracy the reluctance of a leakage path in iron unless we 
know the actual flux density in that iron. However, in a well 
designed machine the leakage paths are purposely made of very 
high reluctance, and therefore as far as possible of non-magnetic 
material ; thus their reluctance may be assumed to be approxi- 
mately constant, and the calculation of each flux separately, will 
yield fair results. 

This question will be made more clear in a later section which 
deals with design and calculation. 

Electro-Motive Forces. The primary impressed e. m. f. is bal- 
anced by three coimter e. m. f.'s; that induced by the mutual 
flux ; that induced by the primary leakage flux ; and that due 
to the primary resistance. Of these the first mentioned is pre- 
dominant, and under normal conditions of operation is rarely 
less than 95^ of the total primary impressed e. m. f., even 
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at full load. Its variation from no load to full load is thus 
comparatively small, as must be that of the mutual flux to which 
it is proportional. 

Therefore the exciting current which is (in ampere turns) the 
resultant of primary and secondary currents, may be assumed 
roughly constant during the range of normal operation. 

Thus far the analysis of currents, fluxes, and e. m. f.'s is 
exactly similar to that of the transformer, and as long as the 
secondaiy of the induction motor is stationary there is no essen- 
tial difference ; but with the rotation of the secondary winding 
there is introduced into that circuit an additional e. m. f., in 
opposition to that which would be induced were the secondary 
stationary, and the algebraic sum of the two is the actual induced 
or slip e. m. f., E'2, considered in part I, page 74. When the 
armature is revolving synchronously, the two opposing e. m. f.'s 
are equal and E'2 is zero. 

Thus E'j may be considered as made up of two opposite com- 
ponents, Ej^, the e. m. f . that would be induced at standstill, and 
Ear, the counter e. m. f. of rotation. As these are all produced 
by the same flux acting on the same winding, their relative 
magnitudes are as their speeds : 

E,,= C{l-s) [ . . . . (18) 

where C has the same meaning as in eq. (5), page 74. 

Of the resultant mdueed e. m. f. E'o, a part is bahmced by the 
counter e. m. f. of resistance, and a part by that of leakage 
reactance. 

The phase relations of these e. m. f.'s, currents, and fluxes 
will be considered later in connection with the vector diagram. 

Current and Flux Distributions. There is another considera- 
ble difference between the analysis of transformer operation and 
that of Induction Motor operation. In the transfoimer each 
convolution of the winding links with the whole of the core 
and of the common flux, whereas in the hiduction motor the 
winding is distributed in a plane perpendicular to the flux and 
there are at any instant some of the turns in each phase which 
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do not link with all of the flux ; also, in a transformer the flux 
is distributed nearly uniformly over the core section at any 
instant, whereas it has been shown (Fig. 11, page 70) that three 
phase sinusoidal currents in a symmetrical, distributed winding, 
will produce an m. m. f. and flux across the gap, which have 
at any instant, approximately sinusoidal distributions, and that 
this wave of flux sweeps around the gap periphery with a uni- 
form velocity. This is equivalent to saying that the flux den« 
sity at any point along the gap varies sinusoidally with the time. 

Thus if we take a loop made up of two similar active con- 
ductors (180 electrical degrees apart), the e.m.f. induced therein 
by the above described flux may be considered as due either to 
the sinusoidal variation of the total flux linked with that loop, 
or to the cutting of the sinusoidally distributed flux across the 
two active conductors. 

An inspection of figures 11a to lie shows that the current 
distribution is also cyclic, but not as nearly sinusoidal as the 
flux. With an increase in the number of phases, the current 
distribution would become more nearly sinusoidal. 

For the present assume sinusoidal distributions of current 
and flux. 

Referring to Fig. 19, gg is the developed air gap line ; above 
this line is the primary or stator, and below it is the secondary 
or rotor; flux directed downwards in the figure is thus directed 
inwards from primary to secondary ; this direction will be called 
positive and will be indicated in the curve by ordinates meas- 
ured upwards from the gap line. 

Current directed outwards from the paper will be called posi- 
tive and will be so hulicated in the curves. 

The flux and the annature are assumed to be revolving clock- 
wise (left to right in Fig. 19), the armature less rapidly ; there- 
fore tlie armature revolves counter-clockwise with respect to the 
flux (right to left in the figure). 

Curve I represents by its oidinates the local variation of flux 
density, b^^, along the gap at any instant. This sinusoidal flux 
distribution will be assumed as the starting point; we have 
seen that its magnitude is approximately determined by the 
impressed e. m. f. 
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In order to supply the corresponding distribution of magnetic 
potential difference, there will be required a sinusoidal distribu- 
tion of magnetizing current, such as shown by Curve II. The 




n^.2o. 



reason for this will be made clear by a reference to Fig. 20, 
where Curve I represents the flux distribution as before, and 
the light lines show the approximate direction but not the 
density of the flux. 
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The gap density at any point x may be written, b^ = B^^^^^ 

sin ^ x^ where X is the pole pitch and B^^^ the maximum 

value of the gap density ; but, if the reluctance of the iron be 
neglected, the number of ampere turns required along the path 
through « will be proportional to the h^ at that point, and is 

TT 

Ni ^ = Kb^ = KB^^^^ sin ^ x. The peripheral current density 

is then ^ {M^) = K~B^^^^ cos ^ a: = K^B^^^^ sin (x «^ - 5) 

Thus the magnetizing current must have a sinusoidal dis- 
tribution and be displaced by 90 electrical degrees from the 
flux.* It has already been noted that a sinusoidal current dis- 
tribution is only possible with a very large number of phases ; 
but for our present purpose this assumption is very convenient 
and assists in giving a simple though somewhat inexact picture 
of the most important induction motor phenomena. 

Curve II, Fig. 19, thus represents the distribution of magnet- 
izing current, i„ (constant reluctance and therefore no core 
losses, assumed), necessary to produce the flux distribution of 
Curve I. 

If the armature is revolving in synchronism with the field, 
there will be no secondary current, and this exciting current 
will be the only current in the primary winding. 

The factors which determine the phase and magnitude of the 
secondaiy current, have already been considered (see Fig. 15, 
page 77, with context), where Curve II shows the current 
variation in a single secondary coil as it moves through the 
field, or, what is equivalent, the current distribution in the 
several secondary coils, at a given instant, in its proper position 
with respect to the flux distribution. 

* It should be borne in mind that all of the curves under consideration rep- 
resent space distribution at a particular instant, and that the angles are space 
angles (not time phase angles), each representing an arc of gap periphery. 

Each point on a curve corresponds to a particular point along the gap pe- 
riphery and the ordinate represents the flux density or peripheral current den- 
sity at that point and at the particular instant to which the whole curve or 
set of curves corresponds. 
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In Fig. 19, the secondary current distribution is similarly 
represented by Curve III. If the flux is to remain unchanged, 
the resultant current distribution must also remain imchanged 
and there must be added to the magnetizing current in the pri- 
mary a current, i\j whose m. m. f. just balances that of the sec- 
ondary current, U. The corresponding distribution curve is 
thus equal and opposite to the U curve ; it is shown in Ciu^e 
IV. 

The total primary current, fj, is the sum of i„ and i\ (Curves 
II and IV), and is represented by Curve V. 

A simple point of view for the curves of Fig. 19 is as fol- 
lows : imagine the flux to be stationary, the primary structure 
to revolve backwards (right to left) at synchronous speed and 
the secondary structure at slip speed ; then the ordinates of the 
current curves at any point show the values of the correspond- 
ing currents in their respective coils, when those coils have 
arrived at that point in the field. 

It is thus obvious, from the most fundamental considerations 
that although the primary and secondary currents have very 
different frequencies, when considered with respect to their 
own circuits ; their space distributions bear to each other cer- 
tain definite relations as to space-phase and magnitude, which 
are constant for any given set of conditions. This is equivalent 
to saying that the primary and secondary currents have the 
same frequency when referred to the same winding ; e. ff. that 
the secondary current has primary frequency when referred to 
the primary structure or winding, or when viewed from a par- 
ticular point thereon. 

Vector Diagrams. In Fig. 21 the curves of Fig. 19 are rep- 
resented by vectors, which may in this case be called space 
(in distinction from time) vectors, since they designate the 
relative directions, in electrical degrees, in which the maxi- 
mum values of the several variables occur, i. e., if the diagram 
be placed at the centre of a two-pole machine in such a way 
that the B^ vector points toward the maximum flux density at 
any instant, the other vectors will at the same instant point to 
the coils in which the corresponding currents have their maxi- 
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mum values ; or, if the diagram revolves synchronously with 
the flux, the vectors will continue to point to the maximum 
values. 

Movement from right to left in Fig. 19 corresponds to clock- 
wise rotation in Fig. 21. 

Reduction of Secondary Quantities to Primary Turns. Strict- 
ly speaking the current curves of Fig. 19 and the vectors of 
Fig. 21 represent the peripheral current densities: in order to 
reduce these to the actual currents it is necessary to take account 
of the numbers of turns in primary and secondary windings, since 
Iz and I\ are equal only when the numbers of turns in primary 
and secondary are equal, which is rarely the case. In order to 




avoid the complication of introducing these extra constants, it 
is customary to reduce all secondary quantities to primary turns, 
i. e,y to imagine the secondary rewound with the same number 
of turns as the primary, but without changing the amoimt of 
copper. E. g.^ if the secondary has one-half as many turns as 
the primary, the reduction to primary turns will change the sec- 
ondary quantities in the following obvious ratios : current, one- 
half; e. m. f. double; resistance, four times; reactance, four 
times ; percentage resistance drop, the same ; percentage reac- 
tive drop, the same ; power, the same ; ampere turns, the same. 
The two windings are thus exact equivalents, and the substitu- 
tion entirely legitimate. All vector diagrams will be drawn with 
this reduction understood. 
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Time Diagram, In using the diagram to represent time vari- 
ation, it should be noted (as above for the curves) that the fre- 
quency of the secondary current is in general quite different 
from that of the primary. The primary and secondary variables 
may then be considered separately ; thus, if the primary side of 
the diagram mcluding B^ be revolved counter-clockwise at syn- 
chronous frequency, the vertical projections of the several vectors 
will represent at any instant the instantaneous values of the cor- 
responding variables for a particular primary coil or phase ; or if 
the vectors I^ and B^ be revolved at slip frequency, their vertical 
projections will represent the corresponding instantaneous values 
for a particular secondary coil or phase. 

It is possible, however, to interpret the time diagram as a 
unit by referring the secondary current, not to the secondary 
structure, but to the primary ; i. g., imaghie yourself standing at 
a particular point on the primary and watching the variation of 
secondary current at that point. This variation is obviously 
synchronous and independent of the slip, as explained in con- 
nection with the curves of Fig. 19. 

The diagram of ¥\g. 21 may now be readily extended to 
include the several e. m. f.'s and the total flux. 

When a coil (e. g.^ a primary coil) is in the position B^ Fig. 
21, it is parallel to the mutual flux, and the flux enclosed by it 
is zero ; but when it has revolved through 90° to the position 
/„ it is perpendicular to the flux and the amoimt enclosed is a 
maximum. Therefore the mutual flux vector has the same 
direction as the magnetizing current, i^, which is as it should 
be, see Fig. 22. 

When the plane of a coil is horizontal (Fig. 21), its active 
conductors are in the strongest field and the induced e. m. f. is 
a maximum, so that the vector representing the e. m. f. induced 
in the secondary by the mutual flux will have the same direc- 
tion as 5g, see Fig. 22, where B^ is omitted to avoid confusion. 

The e. m. f. induced in the primary by the mutual flux is in 
the same phase as E\ and 5^^ and is equal to E^^ (all secondary 
quantities reduced to primaiy turns) ; that part of the impressed 
e. m. f. required to balance this induced e. m. f. is equal to the 
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latter but opposite in phase, it is designated as E\, To this 
must be added /in and IiXi to balance the counter e. m. f.'s of 
resistance and leakage reactance. 

In the secondary, J? '2 is the actual induced e. m. f. and is con- 
sumed by resistance and leakage reactance. 

The right angled triangle with hj^thenuse E^^ and base 
along I2 is of considerable interest, although it is of purely 
hypothetical origin. As E^^ is the e. m. f. that would be 
induced in the secondaiy winding by the mutual flux <l>, were 

the secondary stationary, — and x^ are respectively the resistance 



and reactance of a circuit such that the e. m. f. E^^ would pro- 
duce therein the current /,. In other words the revolving sec- 




F15.22. 






/5 



EUsE., 



:^ 



ondary is equivalent to a stationary secondary identical in all 
respects except that its apparent resistance has been increased 

from rj to - r^* Thus the rotation of the secondary at the speed 

l-« (in percent of synchronous speed) has the same effect as 

multiplying the resistance by -. 

In Fig. 22 the core losses are taken account of in the ordinary 
manner, by adding an energy component I^^^ to the magnetizing 
current, which thus gives the total exciting current I^. 
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It will be instructive now to follow the changes that take 
place in the diagium with change of load. Start with no load 
and synchronous rotation of the armature, « = o, E\ = 0,1^ = o, 
I\ = 0^ Ii = I^; the decrease in I^ (from the value shown in the 
diagram) means less internal impedance drop in the primary, and, 
if Hi be assumed constant, which is the ordinary state of aflfairs, 
U\ will be slightly larger than when the motor is loaded, as 
will be the flux <l> and the exciting current i^, since these are 
approximately proportional to U\, 

However, <l>, and therefore U\ and JS^oi are nearly enough 
constant within normal range of operation, to make it permissi- 
ble to take them as the fixed lines of the diagram. 

As the load increases, «, U\, I2 and I\ increase in about the 
same proportion, and I2 begins to lag more and more behind JE\ 
(eq. 8, page 75). It is thus evident that if I^ be assumed con- 
stant, the locus of the extremity of the /i vector starts at the 
extremity of /^, when 8 = 0, moves at first horizontally to the 
left, then begins to curve upwards, at first slowly then more 
and more rapidly.* 

Meantime the increased reactive drop in the primary throws 
Hi farther and farther ahead of II\. 

A thorough understanding of the derivation and double inter- 
pretation of this diagram forms a splendid foundation for the 
analysis of many of the very interesting problems which arise 
in connection with the design and operation of induction 
motors. 

Power Analy%ifs. The power, in watts per phase, delivered 
to the motor is — 

P, = Hill cos 01 . (19) 

Subdividing Hi into its three components and omitting the 
/i xi component since it is in quadrature with I, and represents 
no average power, gives : 

p, = 7,2 n + JE\ Ii cos {I!\ Ii). 

Subdividing /i into its two components (7^ and I\), gives : 

p, = 7iVi + i:\Io cos {E\Io) + E\I\ cos e^ (20) 

* It will be shown later that this locus is nearly a circle. 
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But /jVi is the primary copper loss and E\I^ cos (E\I^ is 
the core loss, therefore JE\I\ cos 02 is the power transmitted 
across the air gap to the secondary; call this P'j. Then — 

F\ = E'lFi cos 02 = E^^Ii cos 0^. 

Dividing up Ei^ into its two portions E\ and J^j,, gives: 

P'j = /,Vs 4- E2J2 cos ^, . . . (21) 

or P 'a = Secondary copper loss + Power converted into me- 
chanical form. 

The last term may be called the output of the secondary 
since it is the remainder after all of the losses have been 
accounted for; it will be designated P^* Of this output a 
part is consumed in journal friction and air resistance, and the 
remainder is available as useful work at the pulley. 

The meaning of E^^, the counter e. m. f. of rotation, thus 
becomes more clear, since it represents the secondary or motor 
output, just exactly as does the countei e. m. f. of rotation in 
any other type of motor. 

On the same basis, E^^ may also be compared with the ter- 
minal e. m. f. of a static transformer, the only difference being 
that in the latter case the output is in electrical form, whereas 
in the motor it is in mechanical form. 

It will be observed that all the power represented by ^'j is 
consumed by secondary copper loss, and that it corresponds to 
the internal impedance e. m. f. of the static transformer. 

The secondary output is then — 

P, = J?,,/jCOS^a (22) 

but ^ = (1 - «) -&,„ (23) 
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Torqm. The mechanical angular velocity of rotation is, %tn 
(1— «) -i-p' where jt?' is the number of pairs of poles. The 
torque in synchronous watts is then — 

y^ ^g ^ ^' E^ ^^' (27) 

angular velocity 2wn ** r^^ + 8^x^2 

Since £^ is approximately equal to the impressed e. m. f., it 
thus appears that both output and toi-que are approximately 
proportional to the square of the impressed e. m. f. In other 
respects equations 26 and 27 are of the same form as equation 
11, page 79. 

Losses and Efficiency. The losses are made up of the core 
losses, the copper losses, and friction losses. 

Core losses. The flux varies throughout the primary core at 
full frequency n, and as the flux is approximately constant, this 
part of the core loss is also approximately constant. As a mat- 
ter of fact, the distortion accompanying the increase of load 
causes the core loss to increase materially with the load, 
although not by an easily calculable amoimt. 

The flux in the secondary core varies with slip frequency, 
which is normally low. Thus the secondary core loss is small 
except at very low speeds. On accoimt of this low secondary 
frequency, much higher flux densities are allowable in the 
secondary core. 

Copper Losses. These are I\r^ and /eV^ and vary approxi- 
mately as the square of the primary current. 

Thus the loss and efficiency curves would look very much as 
those of a transformer, except that the constant part of the total 
loss includes not only the core loss but also the friction loss and 
that part of the primary copper loss due to the exciting current. 
In the transformer with closed magnetic circuit, the last named 
item is negligible. 

Power Factor, With a given impressed e. m. f. and a given 
power, the current is inversely [)roportional to the power factor 
or cosine of the angle of lag, and it is therefore desirable to 
make the latter as large as possible, or the angle of lag as small 
as possible. 
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An inspection of the diagram, Fig. 22, reveals three causes- 
for the lag of I^ behind E^, They are : the magnetizing current 
I^ ; the secondary leakage reactance, which causes I^ and there-^ 
fore I\ and I^ to lag ; and the primary leakage reactance, which 
causes E^ to lead relatively to J?',, or what is the same things 
increases the lag between Jj and E^. 

The lag may thus be attributed to two general causes : the 
magnetizing current, whose magnitude depends largely upon 




the length of the air gap ; and the magnetic leakage, which will 
be considered in a later msttilment of this article. 

The variation of the power factor with the load will appear 
from the diagram. 

Fig. 23 shows ol)served curves of speed, current, power fac- 
tor, power, and efficiency, all plotted against the torque, for a 
. 3-H. P. motor. The secondary resistance was unusually low^ 
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too low for satisfa^jtory starting; this accounts for the high 
efficiency and the good speed regulation. 

An analysis of these curves in connection with the vector 
diagram will repay the student. 

In the next instalment of this article there will be developed 
the mathematical formulae for the variables shown by the curves 
of Fig. 23. 
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are in the division of the East River Tunnel. 

F. H. Poor, '04, and Delafield DuBois, '04, are in the testing 

department of the General Electric Co., at Schenectady. 
H. W. Locke, '02, is with Westinghouse, Church, Kerr & Co., 

on the Pennsylvania Railroad tunnel at New York. C. D. 

Burchenal, '02, is with the same company in the New York 

office. 
D. C. Barnes, '04, is with Ford, Bacon & Davis of New York. 

He is temporarily located at their station at Little Rock, 

Ark. 
J. C. Davenport, '04, is with the Bullock Electric Co., at Cin- 
cinnati. 
M. King, Jr., '04, is in the testing department of the Western 

Electric Co., in New York. 
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Utah. 

D. C. Wright, '04, is in the draughting department of the Elec- 

tric Controller & Supply Co., at Cleveland. 

G. C. Crawford, '04, is teaching electrical engineering at the 
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Arcliitectural Notes* 

The architect Mr. McKim, wishing to place at an important 
point in the new University Club in New York, the figure of 
some one who best represented the spirit of the University man 
of all the ages, asked President Eliot who, to his mind, best 
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typified this ideal. It is significant that the President should 
have unhesitatingly named the artist Leonardo da Vinci. It 
is equally significant that when Prof. Shaler wished to set 
before the Engineering Society a broad and high ideal he 
should have chosen the same great painter. He said that it 
was not only because he so early displayed the modern scientific 
spirit by both his method of first collecting the fact«, second, 
illuminating them with the imagination and last by criticising 
the lesult, but also because of his eager spirit and because all 
of his productions were explorations along new lines. 

He was painter, architect, sculptor, inventor, and, as one may 
imagine, a splendid example of the physical man as well. 

His wonderful attention to detail was as remarkable as his 
breadth of ideas, and so both of these qualities he is inspiring, 
at the present day. Many older critical authorities have found 
him wanting in actual achievement compared to other painters 
and scientists, but it is realized more than ever to-day that it was 
his spirit which was vitjil and inspiring, and which made his 
pictures, his inventions, and his life wonderful to all who believe 
in the power of ideas. 

It is fitting that his name should appear here in an Engineer- 
ing Journal, for the best Architects and Engineers strive to 
keep alive in themselves, in the stress of their professional work, 
that passionate desire for knowledge and at least an appreciation 
of such an ardent love of beauty as was Leonardo's. 
L. P. Bumham, '02A, the holder of the Nelson Robinson, Jr., 
Fellowship in Architecture for 1903-04, has been appointed 
to the Julia AmoryAppleton Fellowship, recently established 
by Mr. McKim at Harvard, in memoiy of his wife, and will 
study at the American School in Rome during the winter. 
C R. Wait, '03A, the present holder of the former fellowship, is 
now in England. E. B. Lee, the first holder, has returned 
fiom Paris and has gone into partnership in Pittsburg, Pa. 
Eliot T. Putnam, '01, is at present working in Paris in addition 
to those men named in the April number of this magazine. 
W. B. Bi-agdon, '01 A, is in the office of Messrs. McKim, 
Mead & White, in New York, as is also G. S. Parker, 
'OOA. 
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S. E. Somes, 'OlA, is in the office of Messrs. Bacon & Hill in 

Boston. 
C. H. Ely, s. '98, is in independent practice in Beverly, Mass., 

and has recently designed and executed an interesting 

bank building in that city. 
W. E. Nagro, '98A, is practising in Newport, R. I. 
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Trade Notetf* 

One evidence that manufacturers and jobbers in the electrical 
trade anticipate a very active business for the next few months 
and for some time to come, is shown by the fact that the Cen- 
tral Electric Company of Chicago, one of the oldest and largest 
electrical houses in the business, have just increased their ware- 
house capacity about SOjfc and have added very largely to their 
floor space. 

This addition has been made necessary to enable the Central 
Electric Company to handle their constantly increasing business 
and to give their patrons more efficient service. The company 
will carry a very much larger stock, will enlarge their shipping 
room to a great degree, and will, in short, make a number of 
changes which are bound to help them in handling their trade. 



Two circulars from F. W. Weber and Company, Philadelphia, 
describe Riefler's New Dotting Instrument and Right Line 
Fountain Pen. With the Dotting Pen, dotted lines either 
straight or circular can be drawn by an easy interchange of 
ratchet wheels. The Fountain Pen should be much appreciated 
by professional draughtsmen on account of its simplicity and 
neatness. 



A. Leschen and Sons Rope Company of St. Louis have a new 
rope gauge or caliper. This will be useful to all who handle 
wire rope, for by its use the diameter of any size rope may be 
quickly determined. This gauge can be carried veiy conven- 
iently in the vest pocket. It will be sent gladly on request. 
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Ten new Bulletins published by the Electric Controller and 

Supply Company of Cleveland, 
Ohio present in a condensed and 
easily read form the general 
scope and application of their 
machinery. 

The pamphlets contain fine 
illustrated descriptions of their 
controllers, brakes, switches, fit- 
tings, resistance units and lift- 
ing magnets. The illustration 
shows one of their Pig Magnets 
in operation. 
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TEST OF THE TOVTBR PLANT OF THE CAM- 
BRIDGE ELECTRIC LIGHT COMPANY. 

By Lionel S. Marks, Assistaxt Profbssob of Mschanical Enoihebbino. 

The new power plant of the Cambridge Electric Light Com- 
pany, situated on the Charies River next to the Western Avenue 
bridge, supplies alternating current at 2300 volts for lighting 
and power purposes in the city of Cambridge. Its present rated 
capacity is 2700 K. W. and provision is made for an increase to 
4200 K. W. The plant was put in operation early in the year 
1903, and was subjected to a series of tests in April and May 
of the same year for the purpose of determining whether the 
different parts of the plant fulfilled the builders' guarantees, 
and also for ascertaining the performance of the plant under 
various conditions of running. The observations on these tests 
were made by students of engineering in Harvard University, 
of the classes of 1903 and 1904. The object of this paper is 
to present some of the results of these tests. 

The general arrangement of the plant is shown in the sec- 
tional elevation, fig. 1, and the partial plan, fig. 2. The boiler 
floor level is considerably below the engine floor level; the 
basement is still lower. This arrangement leaves nearly 14 ft. 
clear height in the basement, and gives excellent space for the 
primary heaters, air pumps, exciter engine, and the rest of the 
machinery there installed. 

There are two batteries of Babcock & Wilcox boilers, two 
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boilers in each battery. Each boiler has 3964 sq. ft. of heating 
surface, 67.6 sq. ft. of gi-ate surface, and 125 sq. ft. of super- 
heater coils. The chinmey is independent of the building and 
rises 252.5 ft. above the grates. The feed pumps (see fig. 6) are 
Blake duplex outside-packed plunger pumps driven by tandem 
compound steam cylinders. The feed passes through a main 
heater m the main engine exhaust pipe, through the closed 



Fig. 1. — CROSS-SECTION of the station. 

auxiliary heater (1), fig. 6), where it receives heat from the feed 
pump and air pump exhausts, and then through a Green econo- 
mizer to the boiler. The economizer is carried high above the 
boiler room floor, immediately over the feed pumps and auxil- 
iary heater. All the high pressure drips connect with a Holly 
return system. 

The condensers are Blake vertical twm jet condensers, — the 
condensmg water is taken directly from the Charles River. 
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The Engines. 

The engines were built by Mcintosh, Seymour & Co., of 
Auburn, N. Y. They are vertical, high-speed, two-cylinder, 
cross-compound, direct-connected units with overhanging cranks. 
Each cylinder is supported on a heavy, hollow, cast-iron frame 



t<n!kMp^ \9£..SIp<JlI 




Fig. 2. — partial plan ok tiik station. 

at the back and on two inclined steel standards in front. Each 
H. P. cylinder is jacketed on the barrel and botli heads and tlie 
jackets are piped hi series ; the steam enters the jacket on tlie 
top head, passes mto the barrel jacket, goes to the jacket on 
the lower head and tlien to the relieater coils. In this way a 
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very active circulation in the jackets is ensured. As there is 
no separate steam supply to the reheater coils, nor any separate 
drain from the H. P. jackets, it is not possible to use either 
jackets or reheater alone. The receiver is a large cylindrical 
drum at the back of the engine and close to the cylinders. The 




Fig. 4. — sectional plan of l. p. cylinder. 

reheater consists of one or more coils of pipe in the receiver. 
The L. P. cylinder is unjacketed. 

The valves are of the flat, gridiron type, imbalanced and of 
short stroke. The steam valves on both H. P. and L. P. cylin- 
ders consist of a main valve cutting off at about .8 stroke, and 
a Rider cut-off valve, the movement of which can be varied so 
as to give any desired cut-off. The main steam valves and the 
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exhaust valves on each cylinder are driven from an eccentric on 
the main shaft through a system of links and levers. The cut- 
off valves are driven by auxiliary eccentrics which are controlled 
by a fly-wheel governor. The action of the valves is rapid ; the 
openings for admission and exhaust of steam are large. 

The fly-wheel governors are designed to control the speed 
within two per cent, variation between zero load and full load. 
The position of the governor weights can be regulated when the 
engine is running by means of a small electric motor fastened 
to the fly wheel and controlled from the switch-board. This 
device is valuable for synchronizing in parallel running. 

Engines 1 and 2 are exactly similar units, 18 inches and 38 
inches by 42 inches, developing 760 indicated horse-power at 
.24 cut-off with 135 pounds initial steam pressure and 26 inches 
effective vacuum, and direct connected to 600 kilowatt, 60-cycle 
alternating generators built by the General Electric Company. 
Engine 3 has cylinder dimensions 31 inches and 64 inches by 48 
inches, develops 2,320 indicated hoi*se-power at .24 cut-off with 
135 pounds initial steam pressure and 26 inches effective vac- 
uum and is direct connected to a 1,500 kilowatt General Elec- 
tric generator. 

The ArrangementB for Testing. 

As the engines are fitted with jet condensers, their steam 
consumptions had to be determined by measuring the boiler 
feed. This necessitated the adoption of adequate precautions 
to prevent leakage from the feed mains, from the boilers and 
from the steam pipes. The feed was from a pump which 
handled only the water going to the main boilers. These 
boilers supplied steam only to the engine under test ; they were 
examined for general tiglitness and were shut off from the Holly 
return sj^stem and had tlieir blow-offs disconnected. The steam 
on its way to the engine under test went first to a section of the 
main steam header, whicli was isolated by gate valves from the 
rest of the header. These gate valves were tested for tightness 
with full steam pressure on one side and atmospheric pressure 
on the other, and were found practically tight in all cases. In 
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order, however, to prevent even slight leakage the steam pres- 
sures were kept the same on both sides of the valves during 
the tests. In aU the tests, the steam supply to the engines was 
superheated so that the steam pipe drips could be closed. 

The total leakage from the boilers and steam pipes was deter- 
mined by leakage tests after nearly every run. To make the 
leakage test, the fires were allowed to bum down at the end of 
the run and were kept in such condition as just to be able to 
maintain the steam at the test pressure when the supply to the 
engine was shut off completely. The observation of the rate of 
lowering of the water level in the boilers under these conditions 
gave the necessary information for determining the rate of leak- 
age loss from the boilers and steam pipe. 

The feed heaters and economizer were tested and found to be 
tight. The reheater coils were also found to be tight except in 
one engine, and iii that case the only run made was without the 
reheater in use. 

The weight of steam condensed in the jackets and reheater, 
when these were in use, was determined by collecting the con- 
densed steam in a vessel of known capacity provided with a 
gauge glass. The drainage from the receiver was determined 
in a similar way. The arrangement of jackets and reheater 
prevented the separate determination of the amounts of con- 
densation occurring in each. 

During the tests the whole of the steam generated in the 
plant was used for the engine under test and for its auxiliaries. 
The main engine was supplied from one or more main boilers ; 
the auxiliarj^ engines from an auxiliary boiler. The feed to the 
main boilers was weighed. The feed to the auxiliary boiler 
went through a separate pump, and its amount was determined 
by subtracting the weighed amount going to the main boilers 
from the meter reading of the total feed to all boilers. As the 
meter calibration was found to be rather variable, the amount 
of water so determined going to the auxiliary boiler is possibly 
in error by a small amount. The steam pressure in the main 
and auxiliary boilers was kept the same, so as to prevent leak- 
age past those valves in the steam header which shut off the 
main from the auxiliary steam. 
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The arrangement for weighing the- feed to the main boiler is 
shown in fig. 6. The water was weighed in the galvanized iron 
barrels A and B, and was discharged into the wooden feed 
tank C. 

The diameters of all the cylinders were gauged when hot. 
The clearances were not measured directly ; the values used for 
the calculations were given by the engine builders and were 
detennined by them from the working drawings. 

The weighing scales were examined by the local sealer of 
weights, and their accuracy was ensured by further proving 
with special test weights. All gauges, thermometers and indi- 
cators were calibrated. The water meter was calibrated during 
each run and the weight of water going to the main boiler was 
checked by feed pump displacement observations. 

The load on the engine was entirely electrical and consisted 
of the station load supplemented by an adjustable water rheostat 
load. There was no difficulty in any of the tests in keeping 
the total load constant. 

The current for feed excitation was obtained from the main 
generator. 

All observations were taken by thirty-four students of engi- 
neering at Harvard University. The electrical measurements 
were obtained under the supervision of Mr. S. E. Whiting. 

Observations were taken at ten minute intervals, and the 
tests lasted from eight to t^n hours. 

The Teats. 

The principal object of the tests was to determine the steam 
consumption per I. 11. P. per hour of each of the engines at 
its rated load, but the tests were extended so as to determine 
the performance of the enghies at other loads, and also to find 
the value of the jackets and reheaters. Incidentally, also, some 
observations were obtained on the performance of the boilers, 
economizer, and other paits of the plant. 

Engine No. 1 was apparently in first class running condition. 
The following tests were made on it : — 
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April 29. A preliminary run was made to accustom observers 
to their stations and to determine the desired working con- 
ditions. 

April 30. The first complete test was made on this day. 
The engine was run without steam supplied to the jackets or 
reheater. The test was at the rated load and lasted ten 
hours, during which time the desired conditions were main- 
tained very constant. 

May 1. On this day the engine was run with the same load 
as on the previous day. The only difference in the conditions 
was that steam was admitted to the jackets and reheater. The 
conditions were very constant during the test, which lasted for 
ten hours. 

Engine No. 2 was not tested with steam in the jackets and 
reheater, because of the existence of a slight leak in the 
reheater coil. The only test was with an overload of about 20^. 
The run lasted about nine hours on May 7, the conditions being 
very constant. 

Engine No. 3 had been run very infrequently before the tests, 
and consequently was not in such good condition for testing as 
the two other engines, which between them had been carrying 
the station load for some months. The preliminary run on May 
4 showed the valve setting to be imperfect, and also showed 
that the governor was sticking. The tests had to be postponed 
until these defects could be remedied. 

May 15. On this day the engine was run at its full rated 
load, with steam in the jackets and reheater. The test lasted 
ten hours, the conditions being very constant. 

May 18. The engine was run at half load, with steam sup- 
plied to jackets and reheater. The test lasted eight hours. 

May 20. The engine was run at quaiter load on this day, 
with steam in the jackets and reheater. The test lasted eight 
hours. 

May 21. On this day was made the only test on engine No. 
3 without steam supplied to jackets and reheater. The load 
was one-half load, the same as on May 18. 

With the light loads on this engine, the governing was 
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not very perfect. There was occasionally some tendency to 
hunt when the load on the engine varied. It was found 
impracticable to take friction cards from this engine for that 
reason. 

The principal results of the engine tests are exhibited in 
the following table. The combined indicator cards for the 
seven tests are given in figs. 8 to 14. 

Line 64 of the table gives the actual steam consumption of the 
main engine per I. H. P. per hour, and shows the performance 
of the large unit to be better from full to quarter load than the 
best performance of the smaller units. When the steam used 
by the auxiliaries is taken into account, the total steam per 
I. H. P. per hour continues less in the big unit from full to 
half load. The practically important efficiency, however, is the 
total steam consumption per K. W. per hour. The noteworthy 
result is brought out that the large unit is as efficient at half 
load as the small units at full load or at overload. 

The Value of H, P, Jackets and of Reheating. 

The tests of April 30 and May 1 on engine No. 1 are under 
identical conditions except that the jackets and reheater were 
not in use on the earlier day. Similarly, the tests of May 18 
and May 21 on engine No. 3 were under identical conditions 
except that no steam was in the jackets and reheater on the 
second day. An examination of the results given in line 75 
shows in both cases a saving of over 7 Jt resulting from the use 
of the jackets and reheater. 

There are certain facts which the writer believes may be 
postulated with reference to the effectiveness of jacketing and 
reheating, and which are supported by the results of these tests. 
The saving by jacketing varies with the following factors : 

{a) It increases as the cut-off becomes earlier. 

(6) It decreases as the superheat of the entering steam in- 
creases. 

(c) It decreases with increase in size of the engine. 

There is no saving by reheating when the reheater does no 
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more than to dry the steam. If there is any advantage in 
using dry and saturated steam in the L. P. cylinder over the 
use of wet steam, it can be obtained by the use of a separator 
between the cylinders. In tests 1, 3 and 7 when the reheater 
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Engine 1. -Test U 

Full Load Test, without 

Reheater. 

714.7-I.H.P. 
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Fig. 8. 



was not in use, the receiver acted as an almost perfect sepa- 
rator, taking away all the condensation which calculations 
showed to have occurred in the H. P. cylinder. If the reheater 
merely vaporizes the condensed steam at the expense of a prac- 
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tically equal quantity of high pressure steam it is not only non- 
effective but is also, probably, a source of actual loss, since 
more work could have been obtained from the total steam used 
if it had all gone into the H. P. cylinder. The reheater then 



160 
140 
180 
120 
110 
100 
00 
60 
70 
60 

00 

P 50 



c; 40 

« 30 
20 
10 



























^ 


^ 








/ 


Stc 


am 


Qua 


litic 


















8 








\/ 


/ 
























a 


\ 






























\ 




































































Engine L - Test 2. 
Full Load Test, with Reheater. 
715.5-I.lI.P. 
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should be regarded merely as a superheating device for the 
steam entering the L. P. cylinder, and it may be expected to 
be more effective the greater the amount of superheat it gives 
the receiver steam. It is probable that the reheater would be 
more effectual if its only work were superheating, as it might 
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be if the wet steam exhausting from the H. P. cylinder passed 
through a good separator before reaching the reheater. As the 
reheater will have less to do when the engine is running at low 
loads it may be expected (see line 29) to give a higher super- 
heat at low loads and consequently to be more effective. The 
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Engine 2* - Test J. 
Overload without Reheater. 
857.6-I.H.P. 
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Fig. 10. 



quality of the steam at cut-off in the H. P. cylinder of engine 3 
for tests 5 and 7 shows that it has sufficient initial superheat 
and is of such size as to make the H. P. jackets of little value, 
so that the saving shown is due principally to the action of the 
reheater. 

An examination of the qualities at release in the L. P. eylin- 
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der of engine 3 indicates that 100® superheat of the receiver 
steam will probably be enough to make the steam dry and sat- 
urated at release. As it is not desirable to have superheated 
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Engine 3. - Test 4« 
Full Load with Reheater 
2184-I.II.P. 
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Fig. 11. 



steam at release this suggests the probable desirable limit to the 
amount of superheat to be given by the reheater. 

The Superheating. 

The engines were supplied with steam from boilers fitted 
with superheaters designed to give from 100° to 125° superheat 
at the boiler when running at the rated power. The amount 
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of superheat at the engine (line 26) depends on the load at 
which the engine is running (a) because the superheat at the 
boiler decreases as its load is decreased and (b) because the fall 
of temperature in the steam pipe increases as the weight of 
steam passing through it diminishes. For these two reasons 
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Engine 3. - Test 5. 
Half Load with Reheater. 
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the superheat was less at low loads than at higher loads except 
in test 4, when two boilers were used. As the superheat going 
to the L. P. cylinder (line 29) when the reheaters were in use 
varied in the opposite way, — that is, increased with decrease 
of load, — these two variations tended to offset one another in 
their influence on the engine efficiency. 
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The Variation of Economy with Engine Load, 

Engine 3 was tested at several loads so as to determine the 
effect of variation of engine load on its efficiency. The impor- 
tant fact is brought out (line 71) that the heat consumption per 
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Fig. 18. 



I. H. P. is practically constant through a range of load varying 
from one-half load to full load, and probably even to a consid- 
erable overload. This result was to be expected because the 
effect of superheat is to reduce the amount of heat disappearing 
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during admission and consequently to permit the increased 
expansion at low loads to occur without excessive cylinder 
condensation. 

It is perhaps hardly necessary to emphasize the fact that the 
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constancy of heat consumption referred to is in terms of the 
indicated horse-power. In engines 1 and 2 the friction horse- 
power is low and the mechanical efficiencies at the rated loads 
are high. In engine 3 the mechanical efficiency was almost 
certainly as high but was not ascertained. The friction horse- 
powers were determined by taking cards with no load on the 
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engine, but they really represent more than the friction of the 
engine proper, since they include some losses properly charge- 
able to the generator, — such as the brush friction, the armature 
windage, the bearing friction of the armature, and a low excita- 
tion of the field. Consequently the real mechanical efficiencies 
of the engines are somewhat higher than the quantities given in 
line 63 of the table. 

The low friction of the engine causes the heat consumption 
per electrical horse-power to change a comparatively small 
amount as the load decreases ; the heat consumption per K. W. 
per hour is some six or seven per cent, greater at half load than 
at full load. 

The Radiation and Conduction Heat Losses. 

In those tests where the reheater was in use, the knowledge 
of the exact condition of the steam entering the L. P. cylinder 
peimitted the determination of the heat lost by radiation and 
conduction from the H. P. cylinder and the receiver. The 
total heat of the steam coming to the engine is the sum of the 
four following quantities : — 

(1) The heat going to the L. P. cylinder. 

(2) The heat equivalent of the work done in the H. P. cylin- 

der. 

(3) The heat ^escaping with the reheater and receiver drain- 

age. 

(4) The heat lost by radiation and conduction from the H. P. 

cylinder and the receiver. 
The first three quantities can be calculated from the observa- 
tions made on the test, and consequently the last quantity can 
be determined by the heat balance stated above. The radiation 
and conduction loss was calculated for engines 1 and 3 and wa8 
found to be 1^ to 1 per cent, of the total heat supply to the 
engine at full load. As the L. P. cylinder is as carefully 
lagged {is the H. P. cylinder it appears that from 1 to 1|^ per 
cent, of the total heat supply to the engine at full load will be 
lost by external radiation and conduction. The larger percent- 
age applies to the smaller engine. 
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THE 'BALANCER'' AS EMPLOYED IN MULTI- 
PLE-VOLTAGE DIRECT-CURRENT SYSTEMS. 

By a. E. Kennellt, Professor of Electrical Engineering. 

In direct-current systems of electric power-distribution, espe- 
cially for the operation of motor-driven machine tools in factories, 
it is desirable to install a plurality of wires and voltages, in 
' order to operate the motors continuously and efficiently over a 
wide range of speeds. By the use of a three- wire system of the 
type used in the Edison lighting distribution, it becomes possi- 
ble to operate motors over a speed-ratio range of 4 : 1, or more. 
If, for example, the system comprises three wires A positive, B 
neutral and C negative, with 500 volts between the outers A C, 
and 250 volts between either side and the neutral ; then if the 
lowest speed of a shunt motor with strongest field excitation is, 
say, 250 r. p. m., when its armature is connected between C and 
B, the shunt field may be weakened so as to bring the speed up 
to 500 r. p. m. On reaching this speed, the armature may be 
transferred from the mains C B to the mains C A, with full 
field excitation restored, when the motor will continue to i-un at 
500 r. p. m. Above this, the speed may be brought to a maxi- 
mimi of 1000 r. p. m. by weakening the field once more. The 
total range in speed of 4 : 1 is thus secured by a voltage varia- 
tion of 2 : 1 combined with a shunt field variation of 2 : 1. 

For many purposes a motor speed-range of 4:1 is not 
sufficient, and a speed-range of 12 : 1 may be required. This 
has been secured in some cases by the use of a four-wire system 
ABCD, involving three voltages. (See Figure). 

Thus, between AB the voltage may be 100 
BC - - - 300 
CD - - - 200 

If the field windings of the shunt motors on this system are 
permanently supplied from the outers AD, the armatures may 
be connected to any voltage between —600 and +600 by steps 
of 100. Thus 
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for + 600 volts, the armature may be connected with mains AD 

+ 500 BD 

+ 400 AC 

+ 300 BC 

+ 200 CD 

+ 100 AB 

-100 BA 

-200 DC 

- 300 CB 

-400 CA 

-500 DB 

-600 DA 

The motor may thus be made to operate at any speed from, 
say, 1200 r. p. m. in one direction on +600 volts, to 1200 
r. p. m. in the opposite direction on —600 volts, by field regula- 
tion between successive connections. The speed on the lowest 
voltage would be 200 r. p. m., and if the range of speed control 
by field regulation be 2 : 1 as before, the lowest speed on this 
voltage would be 100 r. p. m., givmg a total range of 12 : 1 in 
both directions. 

Whether the 3-wire system with a 4 : 1 range be used ; or 
the 4-wire system with a 12 : 1 range, a plurality of generators 
will, in general, be needed at the source of supply, 2 for the 3- 
wire system, and 3 for the 4-wire system. Of recent years, the 
two equal voltages of a 3-wire system have been secured from 
one and the same D. C. generator, by giving the armature alter- 
nating-current connections in addition to the usual commutator 
and brushes. By this means, a neutral point can be established 
for the armature on the A. C. side, by the aid of choking coils, 
and the neutral main is connected to this neutral point. 

No device has yet been mtroduced, however, which will suc- 
cessfully deliver, from one D. C. generator, three voltages, such 
as might serve a 4-wire system. 

Rather than incur the expense of combining on one shaft a 
100-volt, a 300-volt, and a 200-volt generator for the supply of 
a 4-wire distributing system, the plan is sometimes adopted of 
installing one main generator of, say, 600 volts, and supplying 
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the intermediate pressures from a " balancer." The balancer is 
a relatively small set of dynamo machines, connected in series, 
and having their armatures mounted on a common shaft, the 
number of the machines being equal to the number of different 
pressures to be supplied. In the case considered, the balancer 
would comprise three machines, one of 100 volts, one of 300 
volts and one of 200 volts. The general arrangement of such 
a balancer is indicated in the Figure. 

The shunt or compound-wound generator G supplies a steady 
e. m. f. E, of 600 volts, between the outer mains A D of the 




CONNECTIONS OF 4-WIRE BALANCER. 

system. The shunt field-magnets F^, Fj, F„ may also be perma- 
nently excited from these outer mains. It is understood that 
the bulk of the power will be delivered at full pressure E, or 
between the outer mams ; so that most of the motors to be 
operated will be running at or near their highest speeds. This 
load is indicated by the resistance carrying the current I. The 
lesser and incidental loads Ij, Ij, and I,, supplied at lower 
voltages, represent the motors that require to be tempoi-arily 
operated at reduced speeds. 

The three armatures Ci, e2 and Cs being mounted on, or 
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mechanically connected with, a common shaft, rotate synchron- 
ously. When there are no loads, Ii, I2, Is^ the triple machine 
is nothing more than a composite motor, running idle and taking 
no more current from the outers AD than is needed to pay for 
the frictions of the rotating system. If, however, a load I, is 
applied, the machine e, acts as a generator to supply this load 
between its mains CD, the two other machines, Ci, Cj, serving as 
motors to drive it. If another load Ij is added, Ci acts as a 
motor to drive Cj and Cs as generators. If there be three loads 
Ii, Ij, I,, the outei-8 supply directly a current equal to the least of 
these three, and this part of the load comes directly upon gen- 
erator G. There will always be at least one of the three 
machines in the balancer acting as a motor. The balancer when 
rimning idle is, therefore, a motor, and when loaded it is a 
motor-generator. Any one of the component machines, e^, Cj, Ct, 
may be changed from a motor to a generator by reason of 
change in the system of loads. 

The aggregate size of the balancer is usually only about 2056 
of that of the main generator G, the proportion depending 
upon the local conditions of demand for power at reduced 
speeds. Thus, if the generator G were of 100 K. W., the three 
machines forming the balancer might be respectively of say 4, 
10, and 6 K. W. 

It is sometimes important to predetermine the distribution of 
currents and pressures in such a balancer system. The rules for 
so doing do not seem to be found in text-books on the subject. 
The following formulae will be foimd to apply to a three- 
machine 4-wire balancer, and they can readily be expanded or 
conti-acted to meet the condition of any other number of wires. 

In accordance with the notation of the Figure 
let E = the constant e. m. f. between outers AD. (volts) 

" Ci = ** e. m. f. generated by the armature AB. " 

" Cj = ncj " " " *' " " BC. " 

" Cs = mci = " *' " " " " CD. " 

n and m will usually be approximations to simple whole num- 
bers. In the case of Fig. 1, n = 3, m = 2. 
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Let I, = the load on AB (amperes) 
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44 44 BC " 
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R = Fi + Tj + Is or resistance of the balancer (ohms) 
These resistances may be regarded as substantially constant 
at all loads under working conditions. 
" i^ = " current absorbed by the balancer unloaded to sup- 
ply frictional losses (amperes). This friction current 
is assumed constant at all loads. 



Then 



where 



ii = i* + (a-1) Ii -f b Is + c 1$ amperes 

ij = i^ + a Ii + (b-1) I, + c I3 

is + i' + a Ii + b Is + (c-1) Is " 



b=:;— ; ; : C = 



1 + n+m' 1+n + m' l4-n + m 

Also e. ^B:-R(i-^aI,-HbH-cI)^-I.r.-H,r,-H.r, 

For example, a 4-wire system, such as shown in the figure 
has e^3=100 volts; e „ = 300 volts; e„^ = 200 volts, and 
e^ = 600 volts. The internal resistances are t^ =0.05 ohm; 
rj = 0.15 ohm ; r, = 0.1 ohm ; R = 0.3 ohm. The loads are 
Ij = 18 amperes ; I2 = 60 amperes ; Is = 90 amperes. The 
no-load current of the balancer armatures is i^ = 3 amperes. 
Required the distribution under loads. 

Here a = J; b = ^; c = ^; l+n + m = 6 
ij = 3 - I X 18 + 1 X 60 + 1 X 90 = + 48 amperes 
ij = 8 + ^ X 18 - 1 X 60 + ^ X 90 = + 6 
i, = 3 + 1 X 18 + 1 X 60 - 2 X 90 = - 24 
Here e, is clearly the generator, e^ and Cj the motors. The 
e. m. f. generated by machine no. 1 will be 
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ei= 

600-0.3(3 + 1 X 18 + ^x60 + ^x90) + 18x0.05+60x0,15+90x0.1 

6 

600 - 19.8 + 18.9 599.1 . . ^. ,^ 
e^ = g = — g— = 99.85 volts 

e, = nci = 3 X 99.85 = 299.55 volts, 
eg = mei = 2 X 99.85 = 199.7 " 

The p. d. e^B at the terminals of motor armature no. 1 will 
be e^ + ii Pi = 99.85 + 48 x 0.05 = 99.85 + 2.4 = 102.25 volts. 
e^ = e^ + igr^ = 299.55 + 6 x 0.15 = 299.55+ 0.9 = 300.45 volts. 
The p. d. e^j,, at the terminals of generator armature 
No. 3 will be e8-i8r8=199.7 -24 x 0.1 =199.7-2.4=197.3 " 



600.00 '' 
The effect of applying this particular combination of loads 
will, therefore, be to raise the pressure on the mains AB by 
2.25 volts, to raise the pressure on the mains BC by 0.45 volts, 
and to lower the pressure on the mains CD by 2.70 volts. The 
e. m. f. of the components of the balancer will be the same as 
at no load (99.85 volts in no. 1, or 599.1 volts in all) the drop 
of 0.9 volts from 600 being due to the no-load current 3 
amperes through the resistance R = 0.3 ohms. The application 
of the loads will thus not alter the speed of the balancer. 

The preceding proposition is of general application and may 
be stated in the following form : — The speed of a symmetrical 
shunt balancer tvill not be altered by the application of any load 
or loads to the system within the capacity of the machines. The 
pressures between the respective pairs of mains will, however, 
in general, be distorted by the application of the loads. 

A symmetrical balancer, as the term is employed above, is 
one in which 

©J ©2 ®S 

If the balancer is dissymmetrical, i. e., if the resistances of the 
component armatures are not proportional to their respective 
e. m. f 's., the application of loads will, in general, alter the speed 
of the balancer to some extent, as will be indicated by the 
formulae given above. 
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ARCHXTECTURE AS A BUSINESS. 

By C. H. Blackall. 

There are certain considei-ations which must be taken into 
account very seriously by whoever would make a success in the 
practice of architecture. It is no longer probjible that a man 
without artistic perception and thorough training can hope to 
achieve eminence in the profession, but, on the other hand, it is 
equally well established as a fact that in order to command the 
confidence of business men it is absolutely essential that the 
architect should himself be business-like and should conduct 
his clients' affairs in a manner which shows him to be pos- 
sessed of what we choose to call good business judgment. 
Such qualities are rarely attained by instruction in a school 
and are usually acquired as a result of years of discouraging 
mistakes or half successes. But some of the methods which 
conduce to a proper conduct of the purely business side of an 
architect's career can be formulated and can be readily appre- 
ciated and put in practice, if only the young beginner is willing 
to realize seriously the importance of the business side of his 
profession. 

The basis of the proper conducting of any business is system. 
In one sense it does not matter altogether what particuLar sys- 
* tem is adopted, so long as a definite scheme of operation is 
constantly followed which has proven itself to be efficient. It 
is a common mistake to suppose that a young man will neces- 
sarily grow into an acquaintance with the best practical require- 
ments of his business. Acting on such an assumption many 
an architect who begins with a small practice drifts into loose 
ways, not only of thinking but of acting, and such habits are 
so easily confirmed that when the large opportunities come 
they often find the architect unable to handle them properly. 
Systematic business habits should be acquired from the very 
beginning of an architect's career and all his scheme and sys- 
tematizing should be of such a nature that it can readily and 
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suddenly expand to accommodate the requirements of a busi- 
ness of fifty thousand or fifty million. This is perfectly pos- 
sible, given the right system. 

The first step, and understand I am speaking entirely from 
the business standpoint, is to organize the office equipment. 
The office itself should be as large as the architect dares to hire. 
A difference of a few hundred dollars a year in rental often 
means the difference between handling promptly and efficiently 
or handling clumsily and slowly the first important commission 
which comes in, and the space should not be cramped. The 
outfit of an architect must include three distinct departments. 
First, a vestibule, which should be fitted up attractively as 
evidence of the taste of the occupant and from which all signs 
of drawing or figuring should be eliminated. This need not be 
a large apartment. Eight feet square, or even sometimes 
smaller, will answer every purpose, and it should have a few 
chairs for those who wait. Then there should be a private 
officQ. This is not a luxury but a necessity, and wherever pos- 
sible the private office should have a private exit. Architects* 
affairs are so often of a confidential nature that anything which 
will encourage confidence on the part of one's client and make 
him feel that he can speak freely, is business capital for the 
architect. A private office should also be attractive and artistic 
in its fittings. The essential furniture consists of half a dozen 
cliairs and a flat top table not less than four by five feet. Then 
the rest of the premises which the architect can afford to hire 
should be throAvn into tlie work room, better one smgle, undi- 
vided apartment, without unnecessary nooks or comers and with 
no more necessary ornamentation than would come in the shape 
of drawings of executed or projected work. 

So much for the office arrangement. The office force must 
include, first of all, a stenographer. This again is an absolute 
necessity. The architect who writes his letters with his own 
hand now-a-days is behind the race, and a neat promptly written 
letter will sometimes turn the scale with a doubtful client. 
Next in business importance, there must be some one, even if 
he is the (mly draughtsman, who can represent the architect in 
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his absence so that in a business sense the architect is always on 
hand during business hours. The matter of more draughtsmen 
and their particular kind after that is not a matter of business 
expediency but a simple detail of how to get out the work 
in a satisfactory manner from an artistic and practical stand- 
point. 

In the office equipment there are five very important features 
to be taken care of. They are, first, coiTcspondence ; second, 
drawings ; third, advertisements and trade catalogues ; fourth, 
illustrations from architectural magazines ; and fifth, books. It 
can be stated as an inflexible rule that there should be a place 
for everything in an architect's office and everything should be 
in its place. It is further a fact that materials and documents 
are of no use to anyone unless they can always be found 
quickly and can be kept so as to be reasonably clean. For 
letters, my personal preference is for the Globe-Wemicke filing 
cabinets, each job being given a box for letters alphabetically 
arranged and a smaller lx)x for specifications. These cabinets 
are neat and businesslike in appearance and being made in 
units are extremely flexible. Either this system or the vertical 
filing system is absolutely essential. In no case should letters 
be thrust hito pigeon holes. With the Globe-Wernicke cabi- 
nets there is no necessity for card index, and that gives it, to 
my mind, an advantage over the veitical filing system. 

The care of drawings is something that is generally neglected 
in an architect's office, and is the cause of a great deal of 
bother and expense, and when drawings are preserved in an 
untidy manner or lost and not readily located, the architect's 
reputation as a business man is liable to suffer. It is now the 
general custom to make all working drawings upon either 
tracing paper or tracmg cloth, duplicating these by the blue 
print process. The best method with which the writer is 
familiar consists in attaching the sets of drawings to thin bat- 
tens by means of small thumb screws, the battens being fitted 
with screw eyes on the t^)p and hung to screw hooks arranged 
symmetrically on opposite sides of a series of cheap pine doors, 
these doors being pivoted top and bottom to swing freely in a 
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closet or even in one corner of the room. From five to ten 
sets of ordinary house phms can be thus hung on each side of a 
single door. The doors can be spaced six or eight inches apart 
and it will consequently be seen that by this system a great 
quantity of work can be hung in a very small space, and 
the fact that the drawings are suspended keeps them from 
curling and in practice they gather very little dust, even when 
not touched for a very long period. The battens are numbered 
and a card index of the various buildings enables one to find a 
set of drawings at a moment's notice. Full size drawings or 
drawings too large to hang on the battens can be folded away 
or put in cupboards, but wherever possible no drawings should 
be rolled or folded away. 

The care of advertisements is only less essential than the 
proper care of letters. The architect cannot afford to throw 
away many of the advertisements which come to his office. As 
the circulars or catalogues arrive they should be looked over and 
a cross card index made under every heading which is likely 
to serve the architect in seeking for specific mfomiation regard- 
ing any article. The circulars should then be filed away either 
in a vertical filing system, which the writer has foimd very 
clumsy and inefficient, or, better yet, they should be attached 
to battens in a similar manner to what has been described for the 
care of drawings. These battens would be properly not over 
sixteen or seventeen inches long and instead of attaching them 
to doors they could be placed in a cabinet so the two ends 
would rest on light angle inms, the battens being laid close 
together and numbered consecutively. By this method any kind 
of advertising sheet or catalogue can be taken care of and kept 
clean and be always ready when wanted, by reference to the 
cross card index. 

The sheets of the architectural magazines afford a valuable 
record of current practice, and ought never to be neglected. 
There are several very excellent methods of filing these sheets 
in suspended form analogous to that descril>ed for advertising 
sheets, which enable one to consult them readily and at the same 
time precludes the probability of the individual sheets being lost 
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or stolen. The plates should be classified according to subjects, 
and a very ample classification is desirable. The subjects 
could then be found quickly by the aid of a card mdex. 

Architectural books are a business necessity. The architect 
who stops buying books generally stops growing and that means 
loss of business, so that quite aside from their artistic worth 
books must be regarded as essential business elements. Of 
course arcliitectural books consist chiefly of pictures. The 
mind of the average architect becomes stored with a wealth of 
remembrance, but it is not enough to trust to one's memory. 
Every illustration in every book of the architect's library should 
be thoroughly catalogued on the card system and tlie card cases 
should be kept immediately adjoining the library so that every 
illustration can be promptly located and made available. Do 
not wait luitil your library is large before you begin to card 
catalogue, but take each book as you buy it and index liberally. 
Never use a book which is unbound. The plates become mis- 
placed, it is impossible to index plates which are not in rigid 
bindings, and hence your unbound books are really of little value 
because of their being non-available. 

The care of tlie correspondence in an arcliitect's office is an 
important business factor. The letters should never leave the 
architect's desk until they are answered. It is a good rule to 
make their presence so objectionable as to insure a pretty pnmipt 
attention. The letter once answered, and the answer mani- 
folded or copied into the letter press book, the letter should be 
at once filed in the cabinet with a brief summary in one corner 
stating the gist of tlie contents. There are seveml methods of 
caring for letters by card systems but tlie writer has found all 
of them clumsy and inefficient for private practice. 

The office equipment should include a system of reminder 
cards, often designated as ticklers. There are a thousand little 
points to be attended to, a date to be kept with a possible client, 
a particular material to be investigated, a permit to be applied 
for on a certain date, a doubtful friend to be written to by some 
generous client, or any other matter which is likely to be put 
aside for the time being, may be forgotten, but which should 
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never be neglected. A study of the catalogues of concerns like 
the Library Bureau will show several ways in which these 
tickler cards can be made of great service and they are used far 
too little in architectural practice. 

The architect's personal finances should be carefully watched. 
At least once a month, but certainly at regular intervals, a trial 
balance should be struck of his expenses, which should separate 
out the principal items of cost, including the items of salary and 
material. Then at corresponding periods there should be a 
statement made of resources, showing the amounts to come due 
from various jobs on hand, togetlier with a brief summary of 
possibilities in the way of sketches under progress or work which 
has been considered but not yet definitely ordered. This ena- 
bles an architect to feel reasonably sure of his expenses on the 
one hand and of his income of the other. 

The matter of bookkeeping as relates to the accounts between 
owner and builder and the practical details of superintending 
work are subjects too large for this article. The foregoing are 
in a brief way the essential points which must be considered by 
the business architect, and the ignoring of any one of these is 
pretty sure to seriously impair his efficiency. 
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TRAIN RESISTANCE. 

By C. O. Mailloux. 
(Continued from the April, 1904^ issue.) 

B. Rolling Friction, 

The phenomenon of rolling friction is illustrated by the well 
known action of a carriage wheel, or a pavement roller, in com- 
pressing and flattening the surface of the ground over which 
it is rolled. On soft ground, where this rolling action is more 
marked, it is found that the portions of ground passed over are 
pushed foi*ward, to some extent, at the same time that they are 
compressed, some of the particles being usually squeezed or dis- 
placed sidewise by the compression. On a harder road surface, 
such as on a railroad track, the rolling action is made evident 
by a burnishing or polishing efl^ect produced on the wheel 
treads and on the rail heads, and, in some cases, by the forma- 
tion of " slivers," which become detaclied from the rails. The 
physical strains produced in the particles of matter which are 
rolled over require the application of additional tractive force to 
the vehicle, over and above what is needed to overcome the 
other frictional resistances. This particular tractive effort is 
the " rolling friction " of the vehicle. It is the force which is 
equal to the horizontal component of all the forces concerned 
in producing the physical strains just mentioned. 

The rolling friction and the force required to overcome it are 
very small when the surfaces in rolling contact are both verj^ hard 
and smooth, as in the case of a glass ball rolling on a glass 
plate. The slightest unevenness or irregularity in the contact 
surfaces is found to obstruct the rolling motion, or, in other 
words, to increase the " rolling friction." The explanation of 
this increase is quite simple. Any elevation, however slight, in 
either of the rolling surfaces in contact will, obviously, require 
the rolling object to be lifted bodily in passing over it. Any 
depression in these sirrfaces will cause the rolling object to sink 
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to a lower level, from which it must again be lifted bodily, just 
as it was in passing over an elevation. Hence, every elevation 
or depression, indeed eveiy irregularity, in the surfaces which 
come in rolling contact, occasions some lifting of the moving 
(rolling) object, against its weight and the weight resting upon 
it. The energy consumed depends on the weight lifted, the 
height to which it is lifted, and the number of lifts per unit 
time or unit distance. 

In the case of a railroad car, a very impoi-tant cause of rolling 
friction, as we shall see, is the " hollow " caused by the yielding 
and bendmg of the rail under eacli wheel, wliich necessitates a 
slight, but practically continuous, lifting action. In addition to 
this, every irregularity in the wheel tread involves a lifting 
action at each revolution of the wheel ; and every irregularity 
in the tmck involves a lifting action as each wheel passes over 
it. Tims, each irregularity, in each case, involves many lifts of 
various kinds ; and the lifts occurring at the various wheels of 
a car or train supplement and succeed each other in such man- 
ner as to make the lifting action practically continuous. The 
weight lifted may be considered as remaining constant, in any 
given case. The force required to do the lifting, when the lift^ 
ing action is continuous and when the weight lifted is constant, 
might be considered as depending on and varying with the 
mean height, as well as the number, of the irregularities occa- 
sioning the lifts. Now the power required to lift a car, when 
ascending a grade at a given speed, increases, as is well known, 
with the steepness or *' percentage " of the grade. We might, 
therefore, regard roUituj friction as something ivhich causes a 
'''fictitious '' or " spurious " f/rade. The two geneml kinds of 
lifting action — " continuous " and *' intermittent," — just noted, 
suggest two distinct corresponding kinds of " fictitious " gmdes, 
namely, " unifoim " glides and " variable " grades, the former 
of relatively great length and the latter of indefinite (usuall)- 
small) length. This view of rolling friction gives the clearest 
idea of the manner in which it consumes power, and furnishes 
the most practical way of estimating its amount as an element 
of train resistance, under different conditions. 
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The pressure densities (e. g. lbs. per sq. in.) which a car 
wheel can produce, and the yielding effects resulting therefrom, 
under different conditions, play a very important part in rolling 
friction. The weight on the rail, per wheel, for loaded cars, is 
seldom under 5000 lbs.; it will usually range between 6000 lbs. 
and 10,000 lbs.; and it may amount to 12,000 lbs., or even more, 
in some cases. It is well known that both the metal of the wheel 
and that of the rail yield, by viitue of their elasticity, under 
this weight. The wheel tread is flattened, the rail head is com- 
pressed, and the whole rail itself is bent, very slightly, but 
appreciably, in each case. All this happens because, owing to 
the convexity of the wheel tread, the pressure due to the weight 
is concentrated over a very small space (theoretically a " line " 
across the rail head), thereby producing great pressure-density, 
at the pomts of contact between the wheel and the rail, it is, 
in fact, this very prcvssure-density which causes the wheel tread 
to sink into the rail, while bending it, and to also itself become 
flattened, until the theoretical " line " of contact has an appre- 
ciable width and becomes an " area " of contact. If we assume 
that the area of contact is one square inch, then the pressure- 
density must be from 5000 to 12,000 lbs. per square inch, 
accordmg to the actual weight per wheel. If the area be less 
than one square inch the pressure will be greater, in inverse 
ratio. Thu.^-, for a contact area equal to 0.1 square hich, the 
pressure-density due to the whole weight would be ten times 
greater, or from 50,000 to 120,000 lbs. per square inch. Such 
pressure-densities would be beyond the elastic limit for most 
materials ; hence, as there is, noiTiially, no permanent deforma- 
tion either in the wheel tread or the rail, the area of contact 
must be considerably larger than 0.1 square inch if it be not as 
large as 1.0 square inch. 

The dynamical reactions involved in« rolling friction will be 
easily understood by considering what happens when a car 
wheel runs against any elevation on the track. Fig. 11 repre- 
sents, diagrammatically, a cai* wlieel moving in the direction Oa, 
and rolling over the forward portion RS, of the " hoUow " (of 
purposely exaggerated size) caused by the yielding of the track 
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under the total weight imposed upon the rail at R. The trac- 
tive effort necessary to move the car is assumed to be applied at 
O, along the horizontal line Oa. This force tends to make the 
wheel climb the " fictitious '* grade RS, which is literally " rolled 

down" by the wheel; and a 
pressure is exerted against the 
portion of rail RS, which pres- 
sure, for the sake of greater 
simplicity and clearness of anal- 
ysis, may be assumed to be con- 
centrated at a point, b, exactly 
as would be the case if the 
grade RS were replaced (Fig. 
12) by an "obstructing" parti- 
cle, S, of matter placed on a level track, and coming in contact 
with the wheel, at the same point, b, as in Fig. 11. We may 
note, in passing, that while Fig. 11 is typical of a "uniform" 
fictitious grade. Fig. 12 is typical of a "variable" one. The 
former represents a "continuous" obstruction while the latter 
typifies an "intermittent" one. The reactions being essentially 
the same in both cases, they may both be analyzed and discussed 
together. They differ only in details which need cause no con- 
fusion. The pressure along the line Ob, in Fig. 12 (correspond- 
ing to what would be the mean pressure in Fig. 11) is always 
the resultant of two forces, one 
due to the weight (W) acting verti- 
cally downward along the line OR, 
and the other due to the moving 
force acting along the line Oa, as 
already stated. Since the lines of 
action, OR and Oa, of these two 
forces, both pass through the axis 
(O) of the car wheel, it follows 
that the Hue of resultant pressure, 

Ob, will also, of necessity, always pass through O. The angle 
a, between the line OR of pressure on the rail at R (due to 
weight), and the line Ob of pressure on the "obstruction" at S 
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(due to both weight and tractive force), depends primarily 
upon the height of the obstruction, or the height (Rc) of the 
point b above the point R of the rail. When the obstruction is 
smaller, as shown by the dotted 
line in Fig. 11, or when a larger 
particle (like S, in Fig. 12), yields 
under the pressure exerted upon 
it, the distance (Rc) of the point of 
contact b, from the rail will, obvi- 
ously, be reduced, as can be seen in 
Fig. 13, which shows the angle a 
for two particles of different sizes. 
While the angle in tlie vector dia- 
gram of forces (Fig. 14) depends upon the size of the " obstruc- 
tion " typified by S, the magnitude of the forces, or the size of 
the diagram^ depends upon the physical properties (elasticity, 
resistance, etc.) of this obstruction, or the extent to which it 
will yield under pressure. If we represent by Ob, in Fig. 14, 
the pressure exerted at i, at a given, very minute, interval of 
time after the wheel has come into contact with S, then the line 
Oa will represent tlie tractive force required to produce this 
pressure, while the line Oc will represent the amount of Aveight 
which has become displaced from the line 
OR to the line ab in Fig. 11. By tlie time 
that the total pressure at b has increased 
from Ob to the amounts relatively indi- 
cated by the distances Obi, Obs, the trac- 
tive effort will have increased to the rela- 
tive values Oai' Oaj ; and while the down- 
ward pressure upon S has increased to the 
relative values Oci, Oc2, the pressure at R, 
due to weight, will have decreased by an 
If the obstruction S, or the "grade" RS, be 
tlie forces will further increase, very 




Fig. 14. 



eqtial amount 

rigid and unyielding, 

rapidly, until the downward component of the pressure along 

Ob (/. e, ()b„) is such that ()c„ represents the whole weight (W) 

bearing upon b. This means simply that the tmctive effort will 
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increase until the whole weight (W) is lifted from the rail at R 
(Fig. 12) and has become transferred to the point 6, at which 
time the wheel will begin to climb over the " obstruction." If, 
however, S (or RS) is elastic and begins to yield as soon as pres- 
sure is exerted upon it, the vector diagram is not so simple, 
because, owing to the successive reductions of the distance Re 

(Fig. 12) and, therefore, of the 
angle a, as the obstruction yields 
more and more, the position of 
the line of pressure Ob, will not 
remain the same, but will con- 
stantly change. The lines Ob, 

Obj, Obo Obe, in Fig. 15, 

indicate, approximately, various 
stages of the change in tlie direc- 
tion of the line of pressure Ob, 
or in the angle a, m the hypo- 
thetical case of an obstruction 
of any khid which continues to 
yield under tlie pressure applied 
Pjq 15 at h until it is completely flat- 

tened out to zero thickness. 
The distance Oa, in this case, may be tiiken as representing the 
extent to which the tractive effort lias to be increased (from 
zero) before the obstruction begins to yield at all, the ratio of 
tractive effort to pressure produced, or weight displaced, remain- 
ing constant. Beyond this point, while the angle a changes 
from WOb to WObi, to WOb2, etc., the ratio of tractive force 
to pressure diminishes. The tractive effort, as can l>e seen from 
the diagram, attains a maximum value (Oae in this ciise), and 
then decreases, becoming zero when the point h is exactly under 
the wheel, in the line OR (Fig. 12). (It is clear that when the 
whole weight W is exerting a downward pressure upon the 
point hy the horizontal component (/ e, the tractive effort) must 
become equal to zero.) If the line OAV in Fig. 15 represents the 
total weight (W), then, in the case of an unyielding particle of 
size S, the pressure would continue to increase along the line 
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Ob prolonged, the tractive effort in the meantime increasing 
also, at constant ratio, until the whole weight (W) is displaced 
from R to b, the values of pressure and tractive efforts being 
then as represented by the lines Ob' and Oa' in Fig. 15. As 
soon as the lifting action begins the distance Re will thereby be 
reduced, and the angle a will decrease mpidly to zero. The 
vertical component of pressure at h (now equal to the whole 
weight) will, obviously, remain constant ( = OW); hence, while 
the angle a decreases from WOb' to WOb", to WOb'", etc., the 
tractive effort will decrease from its maximum value, Oa', to 
Oa", to Oa'"; and so on to zero. The maximum value (Oa') 
occurs, as we have seen, at the veiy uistant when the wheel is 
being lifted off the rail at R. 

It Ls easily seen, from Fig. 12, that the resisting force, g, to 
be overcome to make the wheel climb over S by turning around 
6 as a fulcrum, has a levemge equal to 6c, = :r, and a moment 
equal to tlie product of tliis distance by the total weight ( W) to 
be lifted in climbing, or g = Wx, The moving force, F^ (= Oa') 
applied at O, will exert a leverage equal to ai, = Oc, = y, and 
its amount, in order to give a moment (Fy) equal to that of the 

resisting force will be F = W — , 

X 

(1) where — , as can be readily seen from the diagram (Fig. 11), 

is equal to the trigonometrical tangent of the angle a, com- 
prised between the point of contact, b, and the vertical line RcO. 
We could therefore write : 

F = W tan a, (la). 

c,. Re . 1 J • 4. sin a 

Smce iT7\ = versm a = 1 — cos a, and smce tan a = — = 
K() cos a 

'. — , it is evident that (taking OR = r and Re =;= z) we 

1 _ versm a \ o / 

will also have 

F = -^W (2) 

r — z ^ ' 

Substituting for x its value, x = Vr^ — yS, we have 



Y=:tl^^l^y 
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Expressing y in terms of r, we have, finally, 

F = ^I^EAw ... (3) 
r — z 

where F = tractive force per wheel, in pounds. 

It is obvious from these equations, as well as from the dia- 
grams, that the force F, required to move a given weight (W) 
over a particle S or a fictitious giude RS, will be smaller for a 
large wheel than for a small wheel, and will increase, in all 
cases with the height of the obstruction. 

Although these equations are based upon the reactions occur- 
ring at a single wheel in special cases of rolling resistance they 
still apply in the case of cars or trains having any number of 
wheels, and for all kinds of rolling resistance. The formulae 
for the resistance due to rolling friction, as given in most text- 
books relating to the subject, have precisely the form of equa- 
tion (2). The term z is sometimes omitted, the resulting error 
being quite small and usually negligible, when the numerical 
value of z is small, as is the case in railroad ti*action. We can 
see, from Fig. 11, that this omission amounts to the same thing 

X X 

as replacing the tangent of a, = ;-, by the sine of a, = -, in 

the equations, since, when we make z = versin a = o, we have 

sin a sin a 

tan a = -z -, = - — - = sm a 

1 — versm a 1 —0 

which is approximately correct only when the angle a is verj^ 

small. Remembering that equations (la) and (2) are equivalent 

forms, we could also, by analogy, when z is neglected, write 

F = - W = W sin a (2a) 

When we take W = 2000 lbs., in these equations, F will repre- 
sent pounds per ton. 

The real measure of the force expended in overcoming rolling 
friction is a mean vahie of F in every case. 

It is evident from the equati(ms, especially (la) and (2a), that 
the value of F, being a function of the angle "a", will be con- 
stant only when that angle is constant. When the angle is 
variable these equations are correct only for instantimeous values. 
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The mean value, F^, is, in every case, equal to the distance-inte- 
gral of the instantaneous values, F, divided by the distance (X) 
comprised between the limits of integration, or 

F„ = — I li^ dx 



1 ^x" 



In the case of a continuous rolling resistance (Fig. 11), where 
the angle a is practically constant, the instantaneous values 
will be substantially the same as the mean value. In the case 
of an intermittent obstruction (Fig. 12), however, the angle a 
and the instantaneous values will quickly range from zero to a 
certain maximum and back again to zero, and there is no evident 
relation between any instantaneous value and tlie mean value. 
We can still use the same equations, nevertheless, for express- 
ing mean values, even in the case of intermittent resistances, 
provided we select Q.mean or "effective" value of the angle a^ 
such that its tangent or its sine, according to the particular form 
used, will satisfy the conditions. This has to be done, in fact, 
in practice, for another reason which we will now consider. 

Referrmg again to Figs. 12 and 13, we can see clearly that 
the pressure-density at the point b would quickly become very 
great, owing to the very small area of the contact, and that the 
elastic limit would be reached, even for the strongest materials, 
after a relatively small proportion only of the total weight (W) 
became transferred from the line OR to the line ab. The mate- 
rial will be crushed at its points of contact with the wheel and 
with the rail (where the pressure density is gi-eatest) at the same 
time that some compression occurs in the mass of the particle, 
the result being that the angle a is materially decreased, and 
that the same weight displacement is thereby made to exert a 
still greater pressure-density without causing any increase in the 
tractive force. The further increase in pressure-density causes 
further yielding by both compression and crushing, and a con- 
sequent further decrease in the angle a until the obstruction 
has been flattened by compression and crushing to a layer which 
can yield no further. Even then, however, the wheel will not 
have to be lifted a distance equal to the full thickness (Re) of 
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the compressed layer, because it is, so to speak, partially em- 
bedded in the wheel tread and the track, which both yield slightly 
to make room for it to some extent, very much in the same way 
(though to a very much smaller degree, of course) as in the case 
of a rubber-tired vehicle rolling over a small pebble on an 
asphalt pavement. The '* effective " thickness will therefore be 
less than tlie " actual " thickness of the layer, and, ccmsequently, 
the angle a, and the value of F, will be still further decreased. 
The value of F, especially at the beginning of the process of 
lifting, may be also reduced in another way, namely, by tlie 
reaction due to the compression of the wheel tread and of the 
rail, at the point R. This reaction will, obviously, '* help to lift " 
the wheel, or it will virtually reduce its tveight^ at least during 
the earlier stages of the lifting process. If, in Fig. 15, the ver- 
tical line AV VV ' represent the reaction or lifting force due to elas- 
ticity, tlie weight to be lifted will be OW - WW = OW, and, 
consequently, the maximum value of the tractive force required 
will l)e Oa° instead of Oa'. The decrease of the angle a, in the 
manner already explained, will be such that, by the time the 
whole weight (OW) is being lifted, the line of pressure will 
have changed to some line like Ob" or Ob'", so that the tmct^ 
ive force will not increase but, on the contrary, will have de- 
creased. It is seen, from the equations, (2), (8), that F will be 
smaller when W is diminished. It would seem, therefore, as if 
these equations would be con-ect only when we take *' effective " 
values, lower than real values, for the angle a (on which the 
"lifting distance", cR, depends), and for the weight lifted (AV). 
As to the angle a, its *' effective " value and the values of the 
factors (x, z,) depending upon it, must of necessity, be hypothe- 
ti(^al, when they are not c(mventional ones. As to the weight 
(W), it is more convenient to take actual values and make 
allowance in some other way for the lifting actions due to resili- 
ence just referred to. We may regard the compression of the 
wheel tread and the depression of the track at the point R 
(Fig. 11) as having caused the storage of a certain amount of 
energy which is partially "recoverable" and whose "force- 
factor" has a horizontal component acting in the same direction 
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and in the same line as Oa (Fig. 11). We can readily see, from 
Fig. 15, that if Oa ' represents the total tractive force required 
to move the whole weight (OW), (the line of pressure being 
along Ob '), a lifting force such as WW will have a horizontal 
component equal to Wb' — W'b°= Oa' — Oa°. Consequently, 
although the total tractive effort is equal to Oa', only the por- 
tion Oa° will consume additional power. The net result is 
therefore exactly the same as was obtained on the assimiption 
that the lifting force caused a reduction in weight. 

These considerations suffice to show the great complexity of 
the conditions influencing " a ", and the difficulty of obtaining 
its " actual " value. As a matter of fact, the only practical way 
now known of determining the " effective " or "hypothetical " 
value of *' a " is to first measure F imder different conditions 
by suitable means, such as by a traction dynamometer, and to 
substitute its value in the equations. When F and W are both 
known, we have, respectively, 

F X 

from (1) and (2), ^ = tan a = j^— ^ ... (4) 

F X 

and from (la) and (2a), ^ = sin a = — . . . (4a) 

In every case r, the radius of the car wheel, is also known. 
Hence, the only unknown quantities are x and z in (4) and x 
in (4a). On referring to a table of trigonometrical functions, 
we readily find **a" and also the values of these quantities. 
When z is neglected, as is the case in (2a) and (4a) it is no 
longer necessary to obtain the value of '* a " itself, shice x, its 
sine, which is the only unknown quantity, is easily obtained, 
thus: — 
Fr 

^ = w (^^) 

The quantity x has been called, by some writers, the ** coeffi- 
cient of rolling friction," notwithstanding the fact that it 
represents a distance ( = cb in Fig. 11) and that it is not a 
ratio-factor, like tlie coefficient of sliding friction. 

This quantity has been generally used, by the earlier investi- 
gators of rolling friction (Coulomb, Dupuit, Morin, etc.), and it 
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is still mentioned in text books, as the measure of rolling friction 
or the criterion of comparison between different kinds and 
states of rolling friction. The results of Coulomb's experiments 
with wheels of iron or steel rolling on rails of iron or steel are 
given, in a recent text book, in terms of a value of x (" effec- 
tive "), ranging from .007 to .02 inch. This method is not in 
harmony with modem ideas and notations, and, notwithstand- 
ing the fact of its having been used by many distinguished men, 
it is unsatisfactory and obsolete ; and it should give way to some 
more logical method, such as that of measimng rolling friction 
in terms of an equivalent or effective " fictitious grade," as 
already stated. 

Fig. 16 shows, diagramraatically, a wheel ascending a grade, 
RS. It is well known that the coefficient of rise of the grade 
is equal to either the sine or the tangent of the angle {/3) of 
inclination of the track, according to whether we measure the 
rise (LS) in terms of the actual length of track run over (KS) 
or of the horizontal projection thereof ( = RL). Thus, taking 
yS =- 2° we would have 

!^y4 = shi 13 =sin 2° = .03490, in one case, or 

^ = Tan y3 = Tan 2° = .03492, in the other. 

These coefficients, when multiplied by 100, to express their 
values in percentage, represent percentages of grade, which are 
3.49 '/y and 3.492 ^, respectively. (These figures show that the 
error due to taking sine values instead of tangent values in the 
various equations given, is negligibly small. Even for a 10 ^ 
grade (/3 = 5° 42' 38") the sine is still only 0.5 ^ (exactly) less 
than the tangent). Treating the grade in Fig. 16, as if it were 
a " continuous obstruction " and constructing the vector diagium 
of the forces involved, we find that the vector diagram Oabc is 
exactly the same in Fig. 16, as in Figs. 11, 12, etc., when Oa is 
tlie tractive effort applied at O, or when it is the horizontal 
component of a tractive force, Oa', applied in some other direc- 
tion, such as along a line parallel with the track. We note, 
moreover, that, in the vector diagram Oa' bR, obtained with the 
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force Oa' itself, the line of total pressure Ob, and the angle a, 
both being independent of Oa, remain exactly the same as in the 
diagram Oabc. Now, it is easily seen (Fig. 16), and proved, by 
reference to either of these two vector diagrams, that the angle 
)8 is equal to the angle a. Hence it follows, at once, that: 
the angle a is the same as the angle of the ''^fictitious grade " and 
its tangent or its sine is the coeffi- 
dent of rise for that grade. This 
coefficient, when expressed as a 
percentage figure, gives the per- 
centage of the fictitious grade. It 
is a true coefficient^ perfectly analo- 
gous to the coefficient of sliding 
friction, as carf be seen from equa- 
tions (la) and (2a). We can now 
appreciate the fact that the "quan- p^. i^j 

tity X," taken alone, is insufficient 

and may be misleading, as a measure or means of comparison of 
rollhig friction ; for, as we see clearly from (4a), the same vahie 
of X, with different values of the radius of the car wheel (r) 
will give widely different values for the coefficient of rise and, 
consequently, for the percentage of the ''fictitious grade," on 
which tlie power consumed depends. The values of x obtained 
from Coulomb's experiments, just mentioned, are therefore use- 
less as a clue to the tractive effoit or the power required to 
overcome rolling friction in any other case thim the original 
experiments themselves. 

We will now consider briefly tlie principal kinds of rolling 
friction. 

(1) The rolling friction due to mangling or crushing effects 
is illustjated in a striking maimer by the great increase in 
train resistance caused by "sand" on the track, other exam- 
ples being furnished by rust, dust, grit, mud, snow, ice, etc. 
It is well known that the train resistance is lowest, in a given 
case, either during or after a sliower, the explanation being that 
the rails are then washed clean of sand, dust, dirt, etc. The dif- 
ference in train resistance is obviously much more pronounced 
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on street railways, where the tracks are normally much less 
clean than on steam railroads. A summer shower thus benefits 
street railway companies, for the time being, in two ways : by 
increasing the number of passengers; and by decreasing the 
energy consumption per passenger carried. 

The " obstruction," in all cases of this class of rolling friction, 
is a complex one, produced by the aggregation of a very large 
number of relatively small particles of matter, constituting 
"elementiil" obstructions of the " intermittent " kind. If the 
obstructmg particles were all alike, in form, dimensions, mechan- 
ical resistance, etc., and if their distribution on the rails were 
perfectly uniform, their resultant effect could be considered the 
same as that produced by a " continuous " obstruction, i. e. by 
a constant " fictitious grade " ; and the tractive force, F, required 
to overcome this '* obstruction," would be practically constant. 
Such is never the case, however. There is an incessant varia- 
tion in the elemental obstructions themselves, and also in their 
disposition on the rail, whereby the resistance offered to the first 
wheel of the train or car is rendered very irregular. The pas- 
sage of the first wheel causes many of the particles to be pushed 
or brushed aside both before and after crushing them, those 
which remain on the rail being finely crushed and compressed 
to a thinner and more uniform layer than that presented to the 
wheel in the first place. The same process, substantially, is 
repeated as eacli succeeding wheel of the train or car passes over 
the same porti(m of track. It is obvious that the tractive force 
(F), under such conditions, must vary considerably at any one 
wheel, more especially the first wheel. We will get an idea of 
tlie kind of '* fictitious grade " which each wheel has to over- 
come, if we replace the straight line RS, in Fig. 16, by a wavy 
line. It is presumable (although we still have no actual proof), 
that this line has smaller waves, if not fewer waves, or is more 
nearly straiglit, and also that the mean angle (/8) is smaller, for 
each succeeding wheel, until, after a given number of wheels 
have passed, tlie angle, and the fictitious grade, have both prac- 
tically vanished. 
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THE GREEK DORIC ORDER. 

By Walter Dana Swam. 

To make a complete study of architectui*al forms they should 
be treated from the historical and archeological point of view 
as well as from the architect's standpoint, as constructive ele- 
ments in the design of buildings. There is a third and no less 
important conception of them. This is that of the student 
beginning his study of principles and methods. He is learning 
to observe, to analyze, to think constructively and to prepare 
himself for logical design with the materials of his time and 
country. 

From the many historical forms then, there are picked out 
for his study those which answer his earliest needs, which com- 
bine the best principles of architectural pure design — struc- 
tural logic and promise of enduring vitality and use, and — as 
he is learning to draw as well as to design and build — those 
which best and simplest show the principles of draughtsmanship. 

Some of these selected forms have more of certain of the 
above qualities than the others have, but each has something 
for illustrating active principles if not always adding to the 
designer's vocabulary. Among the historical forms which sat- 
isfy these conditions certain of the Greek and Roman Orders 
fill all the above requirements. 

Let us see then why it is that in addition to the so called 
Tuscan Order already considered, the Greek Doric and Ionic 
and the Roman Corinthian Orders, are par excellence the best 
possible architectural elements for a beginner to study. This 
should be after he has become familiar with the general princi- 
ples of building, has learned to distinguish between lintel and 
arch construction, and has had practice in design involving 
each. 

The orders are details of lintel construction and as in all 
study and analysis, mass is considered before detail, it seems 
most essential that the study of the composition of buildings 
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themselves, however simple, should be considered previous to 
their parts. The order is a detail of the portico and colonnade 
so that it seems neciessary to consider the use of those elements 
simultaneously with their detail. But the oi-der is also some- 
thing more than the detail of a form of buildings. It is a 
system of structural design, and as system underlies all forms 
of successful achievement; ones early acquaintance with it 
strengthens the ideas of the meaning of design. 

As stated in a previous article the Greek Doric form is so 
closely identified with a particular sort of Greek temple that 
it rightly belongs nowhere else. Why then do we concern 
ourselves with this order, drawing it out in projection and 
perspective, learning it by memory, analyzing it in model and 
photograph? It will play no part in our future practice, which 
will be largely with modern forms of construction. We may 
never be obliged to design a poitico or colonnade. We may 
live and practice in a locality where the proper material for a 
column is not obtainable. Where then is the practical benefit 
to us from our care devoted to this form ? It is because it 
completely satisfies the first of our requirements for the study 
of the elements for the beginner, it exemplifies the best prin- 
ciples of architectural pure design — balance, rhythm and 
harmony. These require fuller explanation but it is only 
necessary to state now that they exist. Familiarity with 
examples which display them is much better in the early stages 
than precepts concerning them. 

The taste and judgment cultivated by contact with these fine 
things, the feeling for the right form of the right size in the 
right place, comes gradually as a reward for all the time and 
care which the faithful beguiner gives to such details as this 
Greek Doric Order, developed as found in the Parthenon at 
Athens. 

The historical study of this form shows us the spirit which 
lead the Greeks by develophig this order tlirough a long period, 
to perfect the work of the past to meet new condition^ and 
is that not to be one of our aims as practitioners along with 
the inventions of new forms and new material to meet new 
conditions? 
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Let US consider as briefly as we well can, this Doric order 
referred to from the standpoint of the beginner, first noticing its 
different parts constructively, — its organic design or the effect 
on our intelligence — then its qualities of pure design or its 
pleasing effect upon our sense of vision, and finally practice 
our hand and eye in drawing it out accurately, never losing 
sight of it as a solid form and not merely a combination of 
lines. 

The column lacks base, or rather that member is identified 
with the stylobate or base of the whole structure ; the columns 
are fluted ; the capital is of the same general idea as the Tuscan 
with the transition from the round to the square. Tlie archi- 
trave is formed in its depth from outside to inside, of as many 
stones as are necessary to make it strong enough, and the span 
of the lintel or architrave between two columns of course 
depends upon the material employed as well as upon the 
triglyph frieze, as we shall see later. 

The frieze is built upon the flat top of the architrave, with 
the triglyph blocks bearing the principle load. 

We are studying archeology only in so far as it serves our 
purposes as architectural students and the origin of the Doric 
order is more or less an archeological question but we do want 
to know that the Doric frieze is practically a non-constructive 
feature and is so undoubtedly because the entablature is of 
wooden origin, while the column was probably of stone in the 
earliest days of any rudimentary Doric construction. The first 
temples were covered with wooden roofs. This seems undeni- 
able. There has been a great deal of academic discussion about 
the origin of the order and it deserves especial consideration 
which lack of space here prohibits. 

We saw the logic of the frieze in the Tuscan order, and we 
shall see its meaning as an element of design in this case, but 
not constructively so as in the case of the other fully developed 
Doric members. 

What seems the most reasonable theory yet advanced with 
regard to the triglyphs, is perhaps that of *M. Guadet who 
♦Guadet. Elements et Theorie de 1' Architecture. 
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believes that its early use was such as is indicated in the sketch 
on page 285 and exemplified in the modern design shown on the 
same page. This it seems to me is one of the points in Doric 
construction which is vital enough to add to our working 
vocabulary. 

To go on with our description — the projecting corona which 
covers the wall is cut with the drip to throw off the water and 
its underside pitches down and away from the vertical wall for 
the same reason. Then the gutter or cymatium* B is obvious^ 
while the lion's head fornis the spout for water from the pitch 
roof, and the antifixae or ornaments cover the ends of ridges of 
the roof tile. 

As a study in pure design notice in the first place the con- 
trast of the solid base or stylobate with the upward movement 
of the columns with their sharp vertical channels or flutes, 
the mass of the architrave broad, horizontal and reposeful con- 
trasting with this vertical movement. Observe the recall of 
the columns in the short triglyphs in the frieze and the pro- 
jection of the cornice, — its shadow binding all below it into a 
imit. 

Notice how the frieze, never absolutely essential constiiic- 
tively, seems necessary to give proportion to the whole upper 
part of the building. Study all this in the mass of the temple 
itself fii'st, then follow it into the detail of each part. See how 
the column's flutes are arranged and designed of such a section 
and in such number as to be best related to what comes above^ 
how they are bound together by the incisions of the necking,, 
how the line of support of the square abacus starts from the 
very bottom of the shaft and is carried beautifully to the bottom 
of the abacus — yes almost to the architrave itself. Observe 
the line of the echinus, as wonderfully simple as it is diflicult 
to draw. Note how the architrave is connected with the frieze 
by means of the guttae below the triglyph. See how the tri- 
glyphs are fluted to recall the column below but with angular 
incisions to suit their rectangular form. Both of these rela- 
tions with members below give unity to the design. 

See how the comer triglyph strengthens the appearance of 
• See double page diagram. Drawn by A. E. Hoyle, '04. 
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this part of the entablature in the most logical way, and that 
the triglyph and the metope each have a capital as well as the 
column. This is important to remember from observation of 
the cast as is also the fact that in Doric design the interval of 
the triglyphs in the frieze is the measure set for the spacing of 
the columns, for with the exception of the comer triglyphs 
they are all located over the centre of each column and midway 
between these. The position of the architrave or epistyle with 
relation to the capital is to be noted in this developed type, for 
earlier and later its position varied. 

Then see how the bottom line of the corona, harsh otherwise, 
is broken into a delightful softness by the mutules which in 
their turn are helped in the same way by the hanging guttae. 
These members of the cornice may or may not be the results of 
original wood construction but they are perfect in their present 
relation in the design of this order. 

There is little in the two diagrams of the Doric Order here 
published which seems to call for explanation. Comparison 
with the photographs, or still better with the actual models, 
will show the relation of such parts as are not understood in 
the projections of the diagram. It is to be remembered that 
these dimensions are to serve only to fix in the memory this 
general form of the order as a point of departure for its more 
particular study and appreciation, and for use in the elementary 
discipline of draughtsmanship. The diagrams are never to be 
used as formulae. 

The different examples of the Doric Order with their varying 
details but with the same underlying system which developed 
patiently gave them the perfect beauty of the Parthenon, should 
be studied in the various published * monographs on the Greek 

* Buhlmann. Die Architektur des Classischen Alterthums etc. 
Cockerell : "Temples at Aegina and Bassae." 
Hittorf and Zanth : "Architecture de la Sicile." 

Koldewey und Piichstein: Die GriechLsclien temp^l in Untentalien und 
Sicilien. 

Laloux : Olympia. 

Penrose : "Principles of Athenian Architecture." 
Stuart & Revett: "The Antiquities of Athens." 
Also "The Unedited Antiquities of Attica." 
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temples. These are to be found in all the best architectural 
libraries. 

Greek Doric roof construction is decidedly hypothetical, some 
authorities believing that little or no wood was used in the 
developed Doric temple form. It is generally conceded that 
the Greeks were not familiar with the truss and its principles. 

Two possible varieties of i*after treatment are shown in the 
diagram. Terra cotta roof tiles were used in connection with 
the early limestone temples of Magna Graecia, but with the 
highly developed marble temples of Athens and vicinity, all 
visible features were of Pentellic marble. M. Guadet thinks 
that in the Parthenon even the roof construction as well as the 
covering was of marble : — that the walls were carried either 
from the floors or from above lintels over the columns to sup- 
port stones of the longest spans. 

It is hard to restrict the study of the Doric forms to the 
order merely, for the temples themselves with all their wonder- 
ful refinements and proportional relations of both form and 
color call for and repay our closest investigation, but space for- 
bids further consideration here. The materials have been men- 
tioned and their influence on the construction and the design 
Cimnot be insisted upon too strongly. The difference must be 
noticed between the longer spans which the strong Pentellic 
marble gives in the Parthenon and the shorter unsupported 
length which the cautious builders at Paestum gave their lime- 
stone lintels. 

In the diagram the anta perhaps calls for a word or two. 
*"It was a portion of the wall projected to answer to the 
column which took the other end of the lintel. It was to have 
a capital to give it expression but it was to be treated in a 
manner perfectly distinct from the column — in no way imita- 
ting it." The anta given here illustrates the principle but is. 
shown in connection with a smaller column in front of it and 
not with the column shown in the general section. The sec- 
tion shown here is taken on the line X-Y in the sketch plan on 
page 285. 

* H. H. Statham. Architecture for General Readers, p. 73. 
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In drawing the order in the conventional projections what 
will most tax the beginner will be the profiles of the mouldings 
and the forms of the ornaments and sculpture, but if the posi- 
tions of various points in the outlines are first obtained, then 
the measures or dimensions of the forms are indicated accu- 
rately, the shape, which is the third consideration, and desired 
result, will not be so difficult. That indicates the sequence 
to be followed. The analysis of the form, of the lion's head is 
indicated at a small scale in the right hand plate. The axis 
defines the position of the form. Certain points in its outline 
show the measures of the projection of the form, and its out- 
line, with the shades and shadows which follow in the rendering, 
determine its shape. This indicates the process followed in all 
architectural drawing. 
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Graduate Notes. 



E. S. Harrison, '04, is with the American Diesel Engine Co. and 
has been representing the finii at their installation in the 
Tyrolean Alps at the St. Louis exposition. 

E. N. Hunting, '03, is superintendent of construction and 

engineer on reinforced concrete construction for Robert A. 
Curamings, Pittsburg. 

F. E. Frothingham, '96, is local manager of the Whatcom 

County Railway & Light Co. for Stone & Webster. 

A. G. Fi-anks, '04, is studying coal mining, handling and trans- 
portation at the New River Coal Mines in W. Va. 

K. E. Adams, '08, has left the Blake Pump Works and has 
returned to the Walworth Mfg. Co. of Boston. 

K. Sherburne, '03, has transferred from the Schenectady works 
of the (leneral Electric ('o. to the new plant in Lynn. He 
is engaged in steam turbine work. 

A. L. Haskell, '04, is in the steam turbine department of the 
General Electric Co. at Lynn.. 

D. W. Armistead, '98, has left the Allen-Chahners Co. His 
present address is 6702 Alden St, Pittsburg. 

Aldrich Durant, '08, is with Westinghouse, Church, Kerr & 
Co., at Pittsburg. He had charge of the Westinghouse- 
Parsons steam turbine exhibit at the St. Louis Exposition. 

Thayer Lindsley, '04, editor-in-chief of the Engineermg Journal 
in 1 908, is with the New York Rapid Transit Commission, 
in the I)ivisi(m of the Tunnel under the East River. 

A. Tyng, '04, and L. Ross, '08, have appointments in the Uni- 
versity as Austin Teaching Fellows in Engineering. 

A. D. Wilt, '03, has contributed an article on " How to Intro- 
duce High Speed Steel into a Factory " to the Engineering 
Magazine. It was published in the September number. 

F. R. Bauer, '04, is employed in drilling operations in the 
Indian Territory- oil field. His address is Bartlesville, 
Ind. Territory. 

T. R. Clark, '04, is engaged in production of oil in the Perma 
OU Fields. 
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W. T. Piper, '03, is with U. S. Steel Co. at Lomin, Ohio. His 
address is 625 12th St., South Lorain, Ohio. 

E. O. McKelvy, '02, is New England representative of a Pitts- 
burg refractory material company, llis address is 234 
McKees Place, Pittsburg, Pa. 

ArcKitectural Notes. 

While the ai-ticles on the Classic Orders published in the 
Journal occasionally seem to be more for the benefit of the 
beginners than the practitioner, there is really much for the lat^ 
ter's consideration in the principles involved. He may think 
that he has escaped from the teacher's ideals and precepts and 
shakes his head over what he calls the folly of theories but he 
must certainly feel the force in these ideas lately published in 
one of the architectural magazines by a busy successful practi- 
tioner. " How often are we really trying to build our client's 
house rather than our own monument ? Yet the one is archi- 
tecture, even if the man and his house be vulgar, and the other 
is not architecture even though it rival the glories of Greece or 
Rome in its splendor of line and proportion. At least if archi- 
tecture does not mean the honest use of materials in frankly, 
and if possible, beautifully, fitting the need of our fellow men, 
then I do not know what it means. ... It is this lack of analysis, 
this unthinking use of architectural forms and precedents, that 
is standing in the way of architecture and the allied arts that 
hang upon its skirts. ... If we can square ourselves with the 
eternal verities of architecture, not architectural style ; if we 
can thmk in solids, not in line ; if we will realize that stone is 
stone and wood wood and not misuse them ; if we can realize 
that it lies witli us to guide l>otli the public and tlie craftsman 
to a simple expression of their life in the building they must 
of necessity build ; then we may indeed hope for a new renas- 
cence that shall be both reasonable and purposeful. 'To thine 
own self be true, and it must follow, as the niglit the day, thou 
canst not then be false to any man.' " 

The interesting article published in the last issue on *' The 
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Problem of an Architect in Remodelling New York City," was 
written by J. A. Gade, *96, A, one of the class of two which was 
first graduated from the then new Department of Architecture 
in the Lawrence Scientific School. He was an assistant in the 
Department after graduation, then in the oiBce of Messi-s. 
McKim, Mead and White and is now a member of the firm of 
Foster, Gade & Graham in New York City. The photographs 
shown in the article were of work done by that firm. 
A. H. Blevins, '98, A, is in practice in the firm of Newhall and 

Blevins in Boston. This firm has designed recently two 

important apartment houses in Cambridge. 
A. E. Hoyle, 1904, A, and F. L. Clark, 1901, A, are at present 

in the office of G. F. Newton in Boston. 
E. T. Putnam, '01, has passed the entrance examinations for the 

Ecole des Beaux Arts in Paris and is at present working in 

that city. 
The competition for the Nelson Robinson Jr. Fellowship will 
be keener than ever l)efore this year, for it seems probable that 
there will be four candidates for this distinction. It is hoped 
that the name of the winner with some mention of his success- 
ful design may be published in the next issue of tliis Journal. 
Mr. C. H. Blackall who has so kindly contributed to this 
number the timely article on that important phase of the archi- 
tectuml profession, its business methods, recently gave, under 
the auspices of the Pen and Brush Club, a lecture on Theatres. 
He is a noted authority on that subject. 

H. D. Whitfield, '98, A, of the firm of Whitfield and King 
in New York, tlie winners of the recent competition for the 
club house for the Society of Engineers in that city has offered 
to the Pen and Brush Club, of which he was at one time presi-" 
dent, a bronze medal to be competed for annually by the club 
members. It is to be held in perpetuity and is to be awarded 
to tlie winner of a competition which shall be aiTanged by the 
head of the Department of Architecture. The name of the win- 
ner of each year is to be engraved on the back of the medal and 
the award is to be made as near Class Day as practicable. 
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